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Foreword 


Everyone loves a mystery. It might be a fictional one - who 
stabbed the millionaire in his library when all the doors and 
windows were locked from the inside? It might be a historical 
one - who was The Man in the Iron Mask? Did a member of 
the Czar’s family really escape the Bolshevik executioners ? 

But there are mysteries in science, too; mysteries that are far 
more cosmic in scope and much more immediately important 
to people. In science, too, there are detectives who gather 
inconsequential clues - clues far more tenuous than a trace of 
cigarette ash or a burnt match. There are people who weave 
chains of logic far more delicate and yet far more iron-bound 
than any put together by a Holmes or a Poirot. 

This book is the story of one of those mysteries - that of 
the earthquake - and the lines of detection that now surround it. 

In ancient times, the earthquake was but one more of the 
unaccountable disasters which the careless, whimsical or mal¬ 
evolent gods visited upon a suffering humanity. How could such 
a thing be predicted or foreseen unless one could penetrate the 
mysterious mind of the immortals ? 

Some attempted to find a reason for earthquakes that was 
more nearly rational than the matter of divine whim. They 
suggested that vast giants, who had rebelled against the gods, 
were imprisoned in the ground and that their occasional writh- 
ings produced earthquakes and volcanic eruptions. But who 
can tell when a giant in his agony will writhe? 

Others, abandoning the supernatural altogether, suggested 
that imprisoned air sometimes pushed against the imprisoning 
walls of rock and shook the Earth. This was getting closer but 
who could foretell where and when the next push would come ? 

Until modem times, however, interest in earthquakes was 
rather academic. Really bad ones occurred only rarely; the Earth 
was relatively empty, and the works of man small and easily re¬ 
built. As the Earth slowly filled, however, and the works of man 
grew larger and more intricate, the effect of earthquakes became 
more dreadful. 
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The turning point was on 1 November 1755 when a great 
earthquake, possibly the most violent of modern times, struck 
the city of Lisbon, Portugal, demolishing every house in the 
lower part of the city. Between that and a tsunami (or ‘tidal 
wave’) caused by the earthquake, 60,000 people were killed. 
The shock was felt over an area of 1,500,000 square miles. 

The Age of Reason was then in full bloom, science was 
growing vigorously, and men looked upon earthquakes with 
new eyes. The English geologist, John Mitchell, suggested, in 
1760, that earthquakes were waves set up by the shifting of 
masses of rock miles below the surface - and at last mankind 
was on the right track. 

In 1855, the Italian physicist, Luigi Palmieri, devised the 
first seismograph, an instrument that was able to measure the 
slightest tremors in the Earth’s crust. For the first time it became 
possible to track down the earthquake, calculate the spot at 
which it originated, the manner in which the waves it gave rise 
to passed through the Earth, and so on. 

Since the seismograph was invented, earthquake studies have 
led to discoveries concerning the planet’s inner structure that 
could not have been attained in' any other way. Through the 
study of earthquake waves, for instance, we know that the Earth 
has a liquid nickel-iron core. 

We know now those places where earthquakes most commonly 
occur. At first, though, there was no indication as to why the 
high-frequency zones occurred where they did. It was only in 
the last few decades that evidence was accumulated which 
indicated that the Earth’s crust consisted of large ‘tectonic 
plates’. These plates were pushed apart in some places by 
material that welled up from the Earth’s deeper layers and were 
pushed together (in consequence) in other places. It was at 
the junction of these plates that the earthquakes occurred. 

One of the junction lines is the San Andreas fault, which 
runs down the Pacific edge of California. There have been 
disastrous earthquakes along this fault before, notably in the 

San Francisco area in 1906. Each successive earthquake is 

♦ 

enormously more damaging than the one before, moreover, 
because with each decade, California becomes more populous, 
more industrialized, and more full of the works of man. 

When will the next quake come ? If it cannot be stopped, may it 
not be possible to get out of the way (as much as we can) in time ? 
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But the knowledge gathered concerning earthquakes in 
modern times - great though it is in volume and subtlety - still 
isn’t sufficient to let us know just when one tectonic plate will 
scrape against another and set the crust to trembling. The plates 
are held motionless against each other by frictional forces, but 
the strain slowly increases from year to year and eventually 
some slight nudge will suffice to overcome the last scrap of the 
frictional hold and bring catastrophe in one fast, tearing, 
scraping slide. What produces the final nudge, though? Where 
does it come from ? And when ? 

In this book, Drs Gribbin and Plagemann are on the trail 
of that nudge, and it takes them not only over all the Earth, 
but to the Sun and through all the Solar System and even 
beyond. 

Carefully, they lay out the clues and follow each of them 
in a fascinating chase that includes such things as tiny thousandth- 
second changes in the length of the day, and what might bring 
that about. 

They consider explosions on the surface of the Sun that result 
in the speeding protons of the Solar wind and vaster explosions 
in distant space that result in the far more energetic protons of 
cosmic rays. What is their role? 

They deal with tides in the solid body of the Earth, and tides 
in the Sun itself. And on that subject they come up with the 
strange influence of the positions of the planets in an odd (but 
rational) echo of astrological thinking. 

And in the end, it turns out that something will happen in 
1982 that just may - 

No, no, read it for yourself. Read it carefully and you’ll find 
it far more fascinating than the tale of any millionaire found 
stabbed in any library, locked or otherwise. And far more 
important, too - especially if you live in California. 

17 April ig 74 


ISAAC ASIMOV 




Preface 


Since the dawn of history, earthquake prediction has been the 
exclusive preserve of soothsayers and astrologers. Although the 
prophets of doom often caused alarm by spreading warnings 
about earthquakes which never in fact took place, they failed 
dismally to predict real disasters such as the San Francisco 
earthquake of 1906 or the Managuan earthquake of 1972. Over 
the past few years there has been a gradual change in this 
situation. Earthquake prediction has become a respectable 
branch of the earth sciences. As the new theory of plate tectonics 
has grown up, geophysicists have been able to explain why some 
regions are prone to earthquakes in terms of the movements of 
the plates which make up the surface of the Earth, jostling 
against one another like a stirred up jigsaw puzzle and carrying 
the continents on their backs. But even now the geophysicists 
cannot predict with accuracy when an earthquake will occur. 
At the time of writing (1973) it is, in fact, just becoming possible 
to predict the occurrence of certain kinds of earthquakes a few 
months ahead, and this exciting new work is discussed in 
Appendix A. But it is still fair to say that long-term prediction 
of major earthquakes is not possible within the strict confines 
of present geophysical knowledge. 

Now, to the surprise of many scientists, there has come 
evidence that in one limited respect the astrologers were not 
so wrong after all; it seems that the alignments of the planets 
can, for sound scientific reasons, affect the behaviour of the 
Earth. The gravity of the planets can affect the Sun, through 
tidal interactions, and disturbances on the Sun can influence 
the Earth through changes in the magnetic field which links 
all the planets in the Solar System. Only on very rare occasions 
can these small effects add up to produce any dramatic results 
on Earth. But one of these occasions - an alignment of the planets 
which occurs only once every 179 years - is due in 1982. We are 
convinced that this will trigger off regions of earthquake activity 
on Earth, and by that time the Californian San Andreas fault 
system will be under considerable accumulated strain. Geo- 
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physicists report that their measurements of that fault now show 
that it is overdue for a slip greater than that of 1906, and just 
needs a trigger. There can be little doubt, we feel, that the 
planetary and solar influence in the early 1980s, following the 
rare planetary alignment, will provide that trigger. In particular, 
the Los Angeles region will, we believe, be subjected to the most 
massive earthquake experienced by a major centre of population 
during this century. 

Our purpose in writing this book is both to put forward the 
reasons for our firm belief in the imminence of the next major 
California earthquake, and also to warn the inhabitants of the 
region while indicating some ways in which the effects of this 
event can be lessened. 

J.G. 

S.P. 

Since the publication of the original edition of this book in 1974 
we have received valuable and interesting responses from many 
people, both for and against the ideas we have gathered together. 
Some of these responses have enabled us to make revisions 
which improve and update the material as presented in this 
edition; even taking account of work which has been put forward 
over the past eighteen months we are still, as of the spring of 
1976, convinced that in broad outline at least the effects we 
describe are real, and that our prediction is as good as ever. 

J.G. 
S.Po 


February 1976 



1. The Geophysics of the 
San Andreas Fault 


PLATE TECTONICS AND WORLD EARTHQUAKE PATTERNS 

California is the most seismically active region of the forty- 
eight states (excluding Alaska and Hawaii) of the continental 
United States. This has been known for many years, and has 
important consequences for the region. California is the most 
populous of the states, a centre of industry and commerce; 
in many ways it is the most important state of the union. Yet 
all this under the threat of repeated major earthquakes like 
the San Francisco disaster of 1906. Nearly seventy years 
after that earthquake, the human population seems literally 
to have cast from their minds any knowledge that their state 
could be laid waste by another serious tremor which would, 
of course, wreak more havoc with every year that passes, as 
population increases and society becomes increasingly depen¬ 
dent on industry. Perhaps this chosen path of ignorance was 
the best way, when even the most learned students of geology 
and geophysics did not know why California should be so 
prone to earthquakes-they were, it seemed, an act of God 
which no man could understand. If one came, well, just too 
bad. 

But now the situation has changed. In the past decade 
there has been a revolution in the earth sciences which has 
brought a new understanding of our planet. This revolution 
-as profound as the revolution in astronomy 500 years ago 
when Copernicus displaced the Earth from its position at the 
Centre of the Universe - has> resulted in a growing under¬ 
standing of the forces which shape the continents and set 
them drifting about the world. Riding on the ‘plates’ of the 
Earth’s crust which give the name to the theory of plate 
tectonics (figure 1), whole continents jostle against one another 
causing mountains to be thrown up, volcanoes to burst into 

fiery life, and earthquakes to occur. The events which seem 

* 

so awesome to man, and make California one of the worst 
places in the world in which to make any long-term plans. 
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are now seen as a visible manifestation of the processes which 
shape the continents. A part of California to the west of the 
San Andreas fault is simply riding on a different plate from 
the rest of the USA; rubbing shoulders with the continent 
as it drifts northwards at a rate of 3£ to 5 cm. per year. This 
fragment of continent occasionally sticks in one place for a 
few decades, only to be released with a jerk - a major earth¬ 
quake-when the strain builds up sufficiently. But we are 
moving on too fast; just what is this theory of plate tectonics, 
and how has it revolutionized man’s understanding of his 
terrestrial environment? 

CONTINENTAL DRIFT 

The idea of continental drift has been around for a long 
time. According to this idea, the continents have reached 
the geographical positions we know today by drifting about 
the surface of the Earth like rafts floating on the molten rocks 
of the Earth’s interior. In this drifting process the various 
rafts can bump together, making a certain distribution of 
continents, but within a few million years (a short time com¬ 
pared with the age of the Earth) they will be swept apart and 
rearranged in a new pattern of continents. The reason why the 
concept of continental drift became popular, even before 
there was convincing geological evidence that it occurs, is 
that when maps of the continent on either side of the Atlantic 
became available it was noticed that the shapes of continents 
seemed to be mirrored in the shapes of the corresponding 
coastlines on the other side of the ocean. This was first 
noticed in the case of Africa and South America, the most 
obvious ‘fit’ and, coincidentally, one of the first regions 
mapped in detail when seafarers left western Europe to 
explore the new world. 

Francis Bacon commented on the similarity between the 
outlines of the coasts on either side of the South Atlantic 
Ocean back in 1620. Discussion about the cause of this 
similarity continued intermittently for the next two and a half 
centuries, but only at the end of the nineteenth and the 
beginning of the twentieth centuries did a real theory of 
continental drift emerge, to remain a source of controversy 
for decades. For while some geographers argued that similar¬ 
ities between the continents suggested that they were once 
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joined in two supercontinents, Gondwanaland in the southern 
hemisphere and Laurasia in the northern, some geologists 
argued that there was no physical means by which the con¬ 
tinents could have been made to drift around the globe. So 
the revival of the theory of continental drift some ten to 
fifteen years ago was the result of geophysical discoveries, 
most notably the fossil magnetism of continental rocks. There 
remain opponents of the theory today, but the consensus of 
opinion has swung behind continental drift. 

Although the coastlines of, for example, Africa and South 
America look like mirror images on the map, the exact coast 
depends on the height of sea level. When geophysicists are 
trying to fit pieces of the continental jigsaw together, they use 
the real edges of the continents - the edges of the continental 
shelf-as a guide (see figure 1). The shelf is only covered by a 
few hundred metres of sea, whereas the oceans are, on the 
average, about 4000 m. deep. The first attempts at fitting 
continents together in this way were made by tracing the 
contours of the continental shelf and fitting them together 
by eye; now, with the advent of high-speed computers, the 
job can be done quickly and accurately by treating the problem 
exactly in terms of spherical geometry. 

When this technique is applied to the present-day continents, 
they can be fitted together to form the supercontinents which 
geologists first suspected to exist some 200 years ago. But 
fitting together the edges of the continents is only half the 
story. It is the match of the geology of continents across these 
joins which provides even more impressive evidence. Similar¬ 
ities in rock strata and fossilized plants and animals, together 
with the continuation of mountain chains from one continent 
to another, all support the view that continents have been 
torn apart relatively recently in geological terms. For Africa 
and South America, the structures of northeast Brazil and 
West Africa fit almost perfectly to make up part of Gond¬ 
wanaland. Other areas have not been studied in so much 
detail, but such evidence as there is again suggests that the 
two continents were joined about 550 million years ago. If 
this was not the case, then remarkably similar processes must 
have produced similar geological structures on the opposite 
sides of the Atlantic Ocean, without the ocean floor being 
effected in any way. 
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It is now possible to establish the date of the break-up of 
the supercontinent fairly accurately. An indication that West 
Africa and Brazil were separated at least 50 million years 
ago is provided by evidence of glaciation in the two continents, 
and also by fossil evidence preserved in the sediments laid 


O 



O 


Figure L The continental jigsaw puzzle. 
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down in river basins along the margins of both continents. 
The remains found in both continents in sediments older than 
about 100 million years are identical. At the end of the 
Lower Cretaceous these freshwater deposits were covered 
by sea water which has left a layer of salt, and since that 
time the similarities between the two continents 9 rock strata 
become less as the strata come nearer to the present time. 
So it seems fairly clear that the break-up of Africa and South 
America occurred between 100 and 200 million years ago. 

What of the rest of the supercontinent of Gondwanaland 
which once dominated the southern hemisphere? Australia, 
Antarctica, Arabia, India, Madagascar and many of the 
smaller bits and pieces of Asian islands north of Australia 
can all be added to the South America-Africa supercontinent 
in much the same way, making up Gondwanaland. With so 
many pieces it is not possible to be sure that there were no 
inland seas in Gondwanaland (like the Black Sea today), and 
the position of some pieces of the puzzle remains uncertain. 
In particular, it is not clear whether India should be located 
against Australia or Antarctica. But on the whole the outline 
of Gondwanaland emerges well enough when the southern 
hemisphere jigsaw puzzle is put together. 

In the northern hemisphere the corresponding jigsaw puzzle 
is simpler, having only three pieces-North America, Green¬ 
land and Eurasia. These pieces fit together to show the ancient 
supercontinent of Laurasia as it was 100 or more million 
years ago. These pieces of the jigsaw puzzle fit quite well if 
they are joined at the 500-fathom depth contour line, pro- 
vided a few small pieces are left out. The most notable of 
these odd pieces are Iceland and the ocean ridges which rise 
up between Greenland and Europe - features which are, 
according to the geological evidence, less than 100 million 
years old and so could not have been present when the 
northern supercontinent of Laurasia existed. This agreement 
between the fit of the jigsaw puzzle and the age of the odd 
pieces is impressive; so too was the discovery that the Rockall 
Bank, a very shallow part of the North Atlantic which must 
he kept in when the jigsaw is reconstructed in order to fill a 
gap just north of Newfoundland, is really a submerged piece 
of continental crust much more than 100 million years old. 
So, rather more than 100 million years ago, the world con- 
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tained just two supercontinents, Laurasia in the northern 
hemisphere and Gondwanaland in the southern. 

Before that, a few hundred million years ago, these two 
supercontinents were probably joined together themselves, 
with all of the world’s landmass concentrated in one super- 

i 



Figure 2 . Continental Reconstruction (after Bullard et aL 1965). 
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supercontinent which geologists call Pangea. And before 
that? It is difficult to track the geological records so far back 
into the past, but the best idea, which agrees with such 
geological evidence as is available, is that before Pangea 
formed there were several continents, different from those 
we know today, which drifted together, whereas now the 
continents are drifting apart. When the Americas have crossed 
the Pacific and Australia drifts north into Asia, we will have 
the makings of a new Pangea. Will this in turn break up into 
smaller pieces, starting the cycle yet again? Or is this picture 
wrong in some way? The evidence already strongly hints at 
continental drift; however, one more piece of evidence was 
needed before the geophysicists were convinced, 

SEAFLOOR SPREADING 

Two vital discoveries led to the formulation of the idea of 
seafloor spreading, and both were made in the 1950s. First, 
when it became possible to use seismic reflection at sea, came 
the discovery that the Earth’s crust is much thinner under 
the sea than it is under the continents. Typically, the under- 
lying mantle of the Earth’s interior lies only 5-7 km, below sea 
level; the average distance below the surface of the continents 
is 33-35 km., but it can reach 80-90 km. This was discovered 
by measuring the time taken for sound waves from explosions 
to travel through the Earth’s crust and upper mantle; ex¬ 
plosives are set off at sea like dropping depth charges to 
destroy submarines and the echoes of the sound from the 
seafloor are recorded by hydrophones tens of kilometres 
away. From their experience of using the seismic technique 
on land-for example to find oil-bearing rocks - geologists 
can calculate the thickness of the Earth’s crust from the way 
it rings when the sound waves strike it. 

Second, there came the very curious discovery that the 
world’s oceans are split by a 'mid-ocean ridge’. The Atlantic 
Ocean’s ridge, standing up to 3 km. above the plains of the 
seafloor, really is in the middle of the ocean floor; it links 
to a ridge system which can be traced around the globe, and 
is associated with regions of earthquake activity; the mid- 
Atlantic ridge, for example, actually rises above the ocean 
surface at one point, forming the active volcanic island of 
Iceland. In other parts of the world the ridge is not in fact at 
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the middle of the ocean, and today such ridges are more 
commonly called simply 'ocean ridges’. 

In 1960 these two discoveries were put together in the first 
theory of seafloor spreading. Hot currents of molten rock 
in the Earth’s interior could, it was argued, raise matter up 
to form the ridge systems. The thin crust typical of the ocean 
floors must be formed as this rising molten material solidifies 
and spreads out on either side of the ridge, pushing the thicker 
continental masses apart and forming the ocean basins of the 
world. From the dating of the break-up of Gondwanaland 
and Laurasia it seemed that spreading must have taken place 
at a rate of about 1 cm. per year on either side of these 
ridges (so that the oceans grew wider at a rate of 2 cm. per 
year) for hundreds of millions of years. At this rate all the 
ocean floor we know today could have formed in the past 
200 million years-just about 5 per cent of the geological 
age of the Earth. 

This leads to two equally intriguing possibilities. Either 
the Earth’s surface has expanded by two - thirds - the pro¬ 
portion now covered by ocean-in that brief period of geo¬ 
logical history, or old crust must be destroyed somewhere 
else, returning to the mantle to balance the rate of creation 
of new crust. The first alternative is not really consistent with 
the way in which the continents can be pieced together 
without much distortion on a globe the same size as the 
world today. But where could ocean crust be destroyed? 

OCEAN TRENCHES AND THE MAGNETIC TAPE RECORDER 

Around the margins of the largest of the world’s oceans, the 
Pacific, there is a series of very deep trenches. Could it be 

that these deep trenches are regions where the shallow crust 

% 

of the oceans, pushed up against the thicker crust of the 
continents by the inexorable spreading of the seafloor, is 
forced downwards, returning to the mantle from which it 
once formed? The answer now seems almost certain to be 
‘Yes’. The picture widely accepted by geophysicists today is 
one in which the continents are more or less permanent 
features, carried on conveyor belts of oceanic crust which are 
continually reformed at ocean ridges and absorbed in deep 
ocean trenches like an escalator or moving pavement. The 
clincher which brought the body of scientific opinion behind 
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this theory comes from a remarkable ‘magnetic tape recorder’ 
which has produced a picture of seafloor spreading almost as 
easy to read as a book. 

When molten rock emerges from the Earth’s interior and 
solidifies, magnetic components contained in the rock are 
aligned by the Earth’s magnetic field while the rock hardens. 
Forever after, as long as the rock remains solid, it carries 
a fossil magnetism which indicates the direction of the Earth’s 
magnetic field at the time when the molten rock was laid 
down. If the Earth’s magnetism was steady and unvarying, 
this would be an interesting and useful geological tool but not 
a particularly remarkable one. However, when geologists drill 
cores from rock strata they bbtain a historical record which 
shows, layer by layer, the history of rocks. To the surprise 
of many people, drill cores of rock strata from sites around 
the world all show that the Earth’s magnetism has changed 
direction completely many times-north and south magnetic 
poles have ‘flipped’, replacing one another. The evidence for 
this is incontrovertible; as three successive layers of rock 
are laid down, it may be that one, laid down recently, carries 
the magnetic signature of the Earth as we know it today, 
while the next, a few million years old, is magnetized in the 
opposite sense, and the third, older still, is again magnetized 
in the same direction as modem rocks. 

The cause of these sudden, dramatic changes in the Earth’s 
magnetic field is uncertain. One suggestion - not a widely 
accepted one-which shows how desperate is the search for 
an explanation, is that they are caused by the repeated passage 
near the Earth of a strongly magnetic comet. There are better 
explanations, and the problem is being intensively studied, 
in particular at the University of Newcastle upon Tyne. But 
that is another story, and for now let us be content, like most 
geophysicists, to use the evidence contained in magnetic rocks 
without worrying too much about how the magnetic poles of 
our planet can interchange. 

Now, magnetic instruments can be towed behind ships to 
measure the magnetism of the seafloor below. When this is 
done, the records obtained show that the basalts which form 
the Earth’s floor are magnetized parallel to the Earth’s 
magnetic field. But whereas the rocks nearest the ocean ridges 
are magnetized in the sense corresponding to the field today. 
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those a little further from the ridges have the opposite 
magnetization, with repeated reverses as we look further and 
further away from the ridges. On either side of a ridge the 
pattern looks very similar to the pattern of reversals obtained 
by adding together information from core samples drilled 
on land and, perhaps most significant of all, the pattern on 
one side of a ridge is a mirror image of that on the other. 

sea surface 



Figure 3. The magnetic tape recorder—seafloor spreading and 
magnetization: + rocks magnetized in present direction of the 
Earth’s field;—rocks with reversed magnetization. 


(See the schematic representation in figure 3.) If these magnetic 
stripes were caused by the changes in the Earth’s field they 
should form a historical record just like that of the cores 
drilled on land. Basalt solidifies at the ridge, carrying a fossil 
record of the Earth’s magnetism, and is pushed away to the 
sides. And since we already have a rough guess of the rate 
of seafloor spreading, we should be able to see if the fossil 
magnetism at a certain distance from the ridge (that is, of a 
certain age) corresponds to the magnetism of the same age 
rock obtained from samples drilled on land, where age is 
related to depth. 

Magnetic ‘anomalies’, as these stripes of fossil magnetism 
were called when first discovered, have been traced in the 
Atlantic, Pacific and Indian Oceans; there no longer seems 
any reasonable doubt that seafloor spreading is going on in 
the world today. As mentioned earlier, however, the original 
name ‘mid-ocean ridge’ is not generally accurate; and there 
is one part of the world where such a ridge is actually at the 
edge of an ocean. The South Pacific ridge, running northwards 
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to become the North Pacific ridge, runs right into the coast 
of North America, which has drifted so far west since the 
Atlantic Ocean began to open that it is pushing up against 
the ridge which rightfully belongs in the middle of the 
Pacific. The position of these ridges is shown by the pattern 
of shallow earthquakes around the world (figure 4). By now 
it should be clear that this collision - the irresistible force 
meeting the immovable object-must have repercussions in 
the form of geophysical activity on a grand scale. The point 
where ridge and continent meet must surely be the site of 
earthquakes even larger than those associated with an or dim 
ary ocean ridge. And indeed it is. The region where the 
Pacific ridge runs into the continent of North America is 
the region we know as the Gulf of California and the San 
Andreas fault. 



2. Plate Tectonics and Early History 
of the California Fault System 


We have seen how giant conveyor belts carry the continents 
around the world, floating on top of the molten mantle rocks 
inside the Earth. This continental drift and the associated 
seafloor spreading, involving both the creation of oceanic 
crust at ocean ridges and its destruction in deep ocean 
trenches, is directly responsible for almost all of the earth¬ 
quake activity around the world. The World-Wide Standard¬ 
ized Seismograph Network, set up in the 1960s to monitor 
earthquake activity, has made it possible to chart the occur¬ 
rence of earthquakes and thus to trace the active regions 
around the world. These charts outline a series of plates - 
the pattern of seismic activity, traced on the globe, produces 
a jigsaw-like appearance (figure 4). Six or seven large plates 
fit together to cover the entire globe, and earthquakes are 
common where the plates touch. The magnetic tape recording 
of the seafloor basalts shows that these plates are moving 
relative to one another - jostling together or scraping side 
by side - and this is what causes the seismic activity. 

The plates can, it seems, be made up entirely of oceanic 
crust or they may also contain permanent continental crust. 
But, as we have found, only the crust of the seafloor is in¬ 
volved in plate growth and destruction. Once new crust is 
formed, it remains part of a rigid plate until it is destroyed. 
This means that any distortion or deformation which takes 
place in the Earth’s crust must happen at the boundaries of 
the plates, not in their central regions. Since the plates cover 
the entire globe, their movements must be mutual to some 
extent; when one plate moves it jostles its neighbours and a 
corresponding motion is produced in them. The motion of 
plates is complicated because, although on average the amount 
of new oceanic crust being created must balance the rate at 
which old crust is destroyed, at present there are more ridges 
from which crust grows than there are trenches via which 
it returns to the underlying magma. This means that the 
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ridges themselves move relative to one another, and may be 
consumed by trenches. Other complications arise when con¬ 
tinents are carried up against trenches - then the plate motions 
must change dramatically. Perhaps the most impressive 
remains of collisions in the distant past are the mountain 
chains of the continents, which seem to have been thrown 
up when pieces of continental crust collided. It is little wonder 
that the theory of plate tectonics has completely revolution¬ 
ized geophysics, geo-chemistry and geology since the term 
was coined in 1967, and there is scope here for an epic story. 
However, for our present purpose we need only look in detail 
at one kind of collision between plates-the strike-slip inter¬ 
action or faulting. 

The American plate, on which the North American con¬ 
tinent rides, is drifting in a direction just north of due west. 
The Pacific plate, on the other hand, is drifting in a north¬ 
westerly direction. As a result, the effect where the two plates 
meet is like a gigantic blow. If we imagine that the map in 
figure 1 (page 18) represents a jigsaw puzzle, the Pacific plate 
is twisting slightly anticlockwise relative to the American 
plate as if a giant hand were stirring up the pieces of the 
jigsaw puzzle. This disturbance is further complicated because 
the floor of the Pacific runs into America just where the strike- 
slip interaction is most pronounced. 

So the San Andreas fault defines the boundary between 
the Pacific and American plates. Southwestern California is 
not part of the American plate at all, but is being carried 
northwest along with the rest of the Pacific plate on which 
it rides. From the magnetic recordings on the seafloor which 
have played such a large part in the development of plate 
tectonics theory, it is clear that America first ran into the 
Pacific ocean ridge system thirty million years ago. With the 
Pacific plate moving northwest at a rate of about 5 cm. per 
year, it seems that when the interaction with the ridge began 
southwest California was about 1200 km. further down the 
coast! These ideas can be tested by comparing the geology 
of northern Californian rocks with that of rocks from the 
west coast of Baja California, which was, thirty million years 
ago, the near neighbour of what is now northern California. 
At that time all of the area of California now to the south-' 
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west of the fault was to the south of today’s border with 
Mexico. 

s 

OVERALL FEATURES OF THE PRESENT SAN ANDREAS FAULT 

From Eureka in the north down to the Gulf of California 
in the south, the complex maze of faults which can be traced 
through California runs, on average, from northwest to south¬ 
east, almost parallel to the Pacific coast and the mountains, 
of the Sierra Nevada and the coast ranges. But, between Los 
Angeles and Santa Barbara, the San Gabriel mountains and 
associated faults strike east-west across the main line of Cali¬ 
fornian faults. Because of the plate motions already described, 
anyone looking across the main part of the fault system 
from the west would ‘see* the rest of the states apparently 
moving right; equally someone looking across the faults 
from the east would ‘see* California moving from left to right. 
For this reason the fault is described as ‘right lateral*. But 
here again the Los Angeles-Santa Barbara region is an ex¬ 
ception. There the Garlock fault strikes east-west, dividing 
the Sierra Nevada from the Mojave Desert, and this is a left 
lateral fault - the desert moves to the east relative to the rest 
of California. 

The great San Andreas fault itself, which is our main 
concern in this book, follows these overall trends closely. 
From San Francisco down to the southern end of the San 
Joaquin Valley the fault runs northwest-southeast; from the 
northern end of the Salton Sea depression to the Gulf of 
California the fault runs northwest-southeast. But in between, 
just west and north of the San Bernardino mountains, the 
fault bends sharply, running almost exactly east-west for a 
while (see figure 5). 

This provides an important clue to the tectonic history of 
California and also, some experts argue, a hint as to the 
location of the next great earthquake. The big bend, as it is 
known, shows how southern California is being pushed around 
the San Bernardino mountains - the not quite irresistible force 
of continental drift has come up against the almost immovable 
object of a mountain range, with dramatic consequences. For 
if the fault were straight, friction would make the movement 
of the two plates part each other in a series of jerks rather 
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than a smooth slip. But because of the bend it is quite im¬ 
possible for the American and Pacific plates to slide quietly 
past each other with only a little friction and a few small 
earthquakes. Instead, progress must be made in a series of 
jerks because the knothole of the big bend resists the move- 
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Figure 5. Thrusting ashore from the Gulf of California, the San 
Andreas fault system reaches almost to Oregon before vanishing 
beneath the Pacific. In addition to the master fault, there are 
hundreds of branch fractures. Major ones are shown here; all can 
cause quakes. Between Cholame and San Juan Batista, the sides 
fail to lock completely. Instead, they ease gradually past each other 
in a movement known as ‘creep*. 
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rnent until so much tension has built up in the Pacific plate 
that it can jerk forward a few metres. Like the rest of the 
fault, the relative movement between the sides of the big 
bend region averages out at about 6 cm. per year; but no 
movement at all for ten, twenty or a hundred years will be 
followed by a sudden shift of 0.6, 1, or 6 m. This sudden 
release of accumulated strain energy is what causes great 
damage and disastrous earthquakes. We shall take a closer 
look at liaw different parts of the San Andreas fault are 
associated with steady slipping or sudden occasional jerks 
in the next chapter; but first let us try to answer in some 
detail the question, ‘How did the fault system reach the state 
it is in today? ’ 

HISTORY OF THE CALIFORNIAN FAULT SYSTEM 

A true insight into the San Andreas fault depends on an 
understanding of the plate tectonics of the whole Earth. The 
pieces of the global jigsaw puzzle are interlocked, and move¬ 
ment of one must affect all the others to some greater or 
lesser degree depending on the position and size of the piece 
which is moving. But plate tectonics has only existed as a 
branch of scientific study for a few years; we cannot yet claim 
to understand all the implications of seafloor spreading the 
continental drift, so we will ignore the wider picture from 
now on. Indeed we will also ignore the way in which the 
Californian fault systems connect and interact with the rest 
of the North American continent, although the effects of the 
collision between plates which produced the California we 
know today can be traced for thousands of kilometres inland. 
But even though we shall restrict our vision to the narrow 
view of the geological history of California, at the back of 
our minds we must be aware that the San Andreas fault is 
really just a minor feature of the interacting tectonic plates 
which make up the Earth’s continental surface and seafloor. 

The San Andreas fault itself seems to be made up of two 
zones. To the north comparison of the geology of the rocks 
on either side of the fault indicates that slip is taking place at 
a rate of only a centimetre or so a year, and has done so for 
several million years. In the south the slip is proceeding much 
faster, at about 6 cm. per year. This is interesting. but not a 
serious discrepancy. Presumably, over still longer periods of 
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time, the average motion in both regions must be the same 
because both regions are part of the solid, steadily-moving 
Pacific plate. But even ten million years is a short time in 
geological terms, and a temporary difference between the 
speeds of slip in different parts of the fault might be explained 
if, for example, the North American plate is being stretched 
and bent over a wide region-if the two plates rub together 
more like two blocks of rubber than like two completely 
rigid plates. This leads to a very curious phenomenon, called 
elastic rebound, which makes the earthquakes which do occur 
much more serious than they might otherwise have been. 

A simplified picture of what happens is shown in figure 6; 
if we imagine the two plates sliding past each other as shown 
by the arrows and then survey a line running at right angles 
to the fault line where the two plates meet, shown in 
figure 6(a) , we might guess that after some time the two 
plates will have moved so that our surveyed line will look 
like figure 6(b). But that does not happen. Because the edges 
of the two plates stick together, movement of the bulk of 
the plates away from the fault line causes the rocks to be¬ 
come stretched and distorted, as in figure 6(c). Eventually, of 
course, the stretch becomes so great that the rocks must snap 
along the fault line-but because they have been stretched 
the resulting whiplash, or rebound, shown in figure 6(d ), takes 
them even further than they would have moved if the two 
plates had been sliding smoothly past one another. This theory 
was first formulated by Harry Reid in 1910, just four years 
after the famous San Francisco earthquake; for obvious 
reasons the idea of slow accumulation of strain until breaking 
point is reached is now known as Reid’s elastic rebound 
theory. And it seems that the situation in parts of California 
today is like that of figure 6(c). But that is outside the scope 
of our look at the detailed history of California, although 
we shall examine in chapter 4 the details of the interaction 
on the boundaries of the Pacific and North Atlantic tectonic 
plates. 

The two-part structure of the fault, and the big Los Angeles 
bend, can be explained if the original Pacific ridge, which 
America has now overrun, was also sharply bent. This is 
more than likely. All the ocean ridges contain bends and 
breaks caused by detailed effects of the movements of the 
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Earth’s plates, and the former Pacific ridge should have been 
no exception. One possible scheme for the formation of 
California is outlined in figure 7. This should not be taken 
as the only possibility, or even the most likely, because it 
simply is not known exactly what happened thirty million 
years ago when North America overran the Pacific ridge 
system. But the broad outlines are probably correct. 



ic) (d) 


Figure 6. Simplified picture of elastic rebound 


In figure 1(b) we are looking at two adjacent strips of the 
Pacific floor, each spreading out on either side of the Pacific 
ridge but with a sharpish bend in the ridge system. Extending 
the analogy used before, we now have two conveyor belts 
running side by side. At an early age, as indicated in the top 
part of figure 7(a), there must have been a deep trench along 
the western seaboard of North America, like the trenches 
found today in the western Pacific near Japan. Seafloor created 




Sediments deposited 
in trench 



Figure 7(a) 
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Figure 7(a) Opposite : Interaction between rise and trench leads to 
mutual annihilation. The trench, formed as the oceanic plate dives 
under the continental plate, slowly fills with sediments carried by 
rivers and streams (top). Meanwhile the melting of the descending 
slab adds new material to the continent from below. When the axis 
of the rise reaches the edge of the continent, the flow of magma 
into the rift is cut off and trench sediments are scraped on to the 
western (tliat is, left) part of the oceanic plate (middle). The de¬ 
scending plate disappears under the continent and the sediments 
travel with the oceanic plate (bottom). The northern part of the 
San Andreas fault may have been formed in this way. 

Figure 7.(b) Overleaf: Formation of the San Andreas fault system. 

Top : Some 30 milli on years ago (left) an oceanic rise system lay 
off the west coast of North America, which was carried by a plate 
moving towards the rise crests. The continental plate overrides the 
Pacific plate, producing a long trench. Meanwhile the entire Pacific 
plate is moving northwest. After a few million years (right) the rise 
nearest the continent is shut off. The trench by now has been filled 
with material eroded from the continent. These deposits will later 
become the California Coast Ranges. 

Centre: The northern section of the fault is created when the 
former trench deposits become attached to the northward-moving 
Pacific plate (left). The San Andreas fault lies between the two 
opposed arrows indicating relative plate motions. Meanwhile to 
the south a tilted rise crest (not visible in the first pair of diagrams) 
is ready to encounter the continent end on a break in the coast¬ 
line south of Baja California. The collision (right) breaks off a 
part of the Baja California peninsula, which becomes attached to 
the Pacific plate and starts its journey to the northwest. 

Bottom: The southern section of San Andreas fault is now fully 
activated (left) as the Baja California block begins sliding past the 
North American plate and collides with deeply rooted structures 
to the north, the Sierra Nevada and San Bernardino mountains, 
which deflect the block to the west. More of Baja California breaks 
loose, opening up the Gulf of California. As Baja California con¬ 
tinues to move northwestward (right) the Gulf of California 
steadily widens. The compression at the north end of the Baja 
California block creates the transverse ranges, which extend inland 
from the vicinity of present-day Santa Barbara. 

From *The San Andreas Fault 9 by Don L. Anderson. 

Copyright © November 1971 , by Scientific American , Inc. 

All rights reserved.... 
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at the Pacific ridge was carried into that trench along the 
California coast and the crust was returned to the molten 
interior of our planet. Also, again like the situation today 
on the Japanese side of the Pacific, this descending seafloor 
would have pushed up against the bottom of the western 
coast of North America, causing earthquakes, volcanoes and 
a build-up of the mountain ranges which run from Alaska 
to the southern tip of South America. Scrapings from both 
the continent and the seafloor would accumulate in the region 
near the trench. 

By the time the continental mass of North America reached 
the northerly part of the ridge shown in figure 1(h ), both the 
ridge and the trench disappeared in that part of the conveyor 
belt system. The end of the Pacific plate which was pushed 
down into the molten magma broke off and, relieved of this 
weight, the rest of the plate pushed upward slightly, lifting up 
the sediment and scrapings in the former trench alongside 
the continent. These sediments are the stuff from which the 
coast ranges are made; the ‘original’ coast of America was 
alongside the Sierra Nevada mountains. Carried along on 
top of the Pacific plate, this new land began to slide north¬ 
westerly. Meanwhile, in the adjacent conveyor belt to the 
south, the interaction of trench and ridge was only just be¬ 
ginning. Baja California was still attached to the region which 
is now Mexico, the Gulf of California did not exist, and the 
rifting which produced the Salton Sea depression (about 60 m. 
below sea level today) had not begun. 

When the second of our two conveyor belts reached the 
North American continent, the ridge struck it obliquely south 
of Baja California. The spreading ridge has already driven 
into the continent like a knife, breaking off a sliver of land 
(Baja California) and opening out the Gulf of California. 
However, this entire spreading system will finally be subdued 
by the inexorable westward progression of the main mass of 
the North American continent. The most recent stage in this 
process could have been completed only about five million 
years ago, judging from the evidence recorded in the magnetic 
stripes of the ocean floor, when Baja California was still a 
part of the Pacific plate. As the peninsula was carried north 
by the movement of the plate, it collided with the main coast 
of North America near Los Angeles. Two important geo- 
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logical features result directly from this collision: First, Baja 
California is pivoting, as the northern end of this continental 
sliver is held against the San Bernardino mountains. This 
movement is opening the Gulf of California wider and literally 
tearing the continent apart along the line of the rift system 
which has produced a deep depression filled today by the 
Salton Sea. Second, great blocks of the Earth’s crust are being 
forced around the knothole of the San Bernardino mountains, 
forming the big bend of the San Andreas fault, where tectonic 
energy accumulates daily to be released only by the next great 
California earthquake. 

The horizontal scale of these movements is vividly indicated 
by even a casual look at an atlas. Thirty million years ago the 
ridge and trench systems began to interact, eliminating each 
other near San Francisco - but at that time 'San Francisco’ 
was about 1000 km. away near Ensenada in Baja California. 
Before the creation of the Gulf of California ‘San Francisco* 
was part of the Pacific plate’s seafloor. Vertical movements, 
however, are less impressive than the horizontal motions of 
the Earth’s crust. After all, the temporary oceanic crust, con¬ 
tinuously formed at ridges and swallowed up in trenches, is 
only a few tens of kilometres thick, and even the permanent 
continental crust is only a hundred kilometres or so thick- 
all that separates us from the hot rock of the mantle is a 
layer no deeper than the distance from San Francisco to 
Sacramento as the crow flies. The distance between these two 
cities today has changed in the past thirty million years; 
San Francisco has moved by something between 450 and 900 
km. while in the past twenty million years, Los Angeles has 
moved by around 200 km. and Palo Alto by about 3 km. 
Over that length of time the seismic activity associated with 
the movements of the Pacific and North American plates 
must have produced thousands of great earthquakes in Cali¬ 
fornia and literally millions of small to moderate shocks. In 
geological terms southern California is ten times more active 
seismically than the rest of the Earth; yet this part of the 
state contributes more than any other to the economic life of 
the USA. 



3o Detailed Geology Points to Dangerous 
Regions of the San Andreas Fault 


Now that we have sketched in the broad picture of global 
tectonics and seen how California reached its present state 
of geological activity, it is possible to see in perspective the 
economic and social consequence which this activity has. 
Historically, of course, man’s knowledge about this aspect of 
his environment grew up in exactly the reverse direction. By 
piecing together information about seismically active regions 
around the world - information gained painstakingly by intense 
geological and seismic study, or heartbreakingly by observing 
major earthquakes and their consequences in populous regions 
-earth scientists have been able to paint the outline at least 
of the broader picture. Our discussion of seafloor spreading 
and plate tectonics was concerned with only very recent 
ideas, and rested upon very limited amounts of detailed in¬ 
formation considering the area of the globe and the all- 
embracing scope of the theories. When it comes to geological 
details, the San Andreas and related faults provide almost 
an embarrassment of riches, dating back at least to the early- 
nineteenth-century reports of earthquakes in the area. 

In order that we can see the overall picture of the San 
Andreas fault system, we shall have to look at some of the 
pieces in detail. From Cape Mendocino in the north to the 
Gulf of California in the south, the San Andreas fault consists 
of three active regions separated by two quiet regions (figure 
8). As we shall see this is an ominous quietness, hinting that 
these two regions are the likely candidates for sudden, cata¬ 
strophic movement at long intervals. But first we will look 
in detail at the activity of one limited stretch of the fault 
containing both quiet and active regions. This provides a 
graphic illustration of what continental drift can mean over 
a length of time comparable to the life-span of a man. 




Figure 8. The San Andreas fault region. 


CREEP BETWEEN SAN FRANCISCO-HOLLISTER-PARKFIELD-CAMP 
DIX 

This region of the San Andreas fault was the subject of 
intensive study by geologists and geophysicists in the mid- 
1960s. Evidence of more or less steady right lateral strike- 
slip movement along the fault abounds; streams, fences and 
even roads which cross the fault show marked kinks to the 
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One study of the area found more than 130 stream 
channels which have been displaced in this way in a 110 km. 
stretch of the fault. Forty of these have been displaced by 
between 6 and 15 m., and many of the offsets are almost 
exactly 9 m. (see figure 9). This common occurrence of a 
9 m. displacement may well be the result of the great earth¬ 
quake of 1857 which was active in the region of this study. 
But the creep is, paradoxically, no cause for concern, at least 
as far as great earthquakes are concerned. It is a problem 
if you happen to own a road or gas pipe, say, which crosses 
these moving regions of the fault. But here tension is con¬ 
tinually released, and there is no build-up of latent powerful 
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Figure 9. (a) Developed area along active fault trace before fault 
movement. 

(b) After fault movement. Area of ground rupture is limited to 
narrow band along fault trace . 
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forces waiting to be triggered into action and sweep all before 
them in a major, disastrous earthquake. 

The stretch of fault between Cholame and Camp Dix has 
more preserved, conspicuously offset stream channels than 
any other similar length of the fault, which is why it was 
chosen for study. There is, of course, no doubt that this is 
the result of the slip in which we are interested. What we 
need to know is whether the fault is moving smoothly or in 
jerks, how big the jerks (if any) are, and how often the jerks 
take place. The stream channels alone cannot answer all of 
our questions, but they do give some important hints. If all 
of the 9 m. shift found in about one-third of the 130 offset 
channels really was the result of the movement associated 
with the earthquake of 1857, then that was the largest strike- 
slip movement ever recorded in one single earthquake in 
modern times. Even larger offsets are seen in some of the 
streams, in one case 140 m., and in others more than 300 m. 
These must be the result of an accumulation of smaller offsets 
and continuous creep, so why should we accept that the 9 m. 
offsets originated in one earthquake? Well, first of all there 
are so many offsets of around 9 m. that it looks as if they 
were caused by one special event; second, if there are not any 
offsets smaller than 6 m. near the 9 m. offsets, what could 
they have been built up from? On balance it looks as if 
offsets of 9 m. can occur in one strike-slip jerk of the San 
Andreas fault, and that such movement occurred in the region 
between Los Angeles and San Francisco in 1857, the last 
time that a major earthquake was recorded in that area. 

What other direct evidence of rapid slip in historic times 
can we find? In many cases aerial photographs clearly show 
an abrupt change in terrain from one side of the fault to the 
other. That is useful information but in itself it does not 
necessarily prove that the fault is associated with horizontal 
movements rather than vertical fracturing of the Earth’s 
crust. A combination of aerial mapping to locate precisely the 
line of activity and ground-based surveys of selected regions 
provides the best insight into the activity of the fault. Using 
this technique members of the United States Geological 
Survey have investigated the 160 m. of fault just to the north¬ 
west of the region where classic examples of offset streams 
are found. Along this part of the fault, between Hollister and 
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Parkfield to the east of Monterey, the activity has recently 
been very different from the activity along the fault just a 
few miles to the southeast. 

This part of the fault seems to be quietly active today, 
and to have been so at least since 1906. Where roads cross 
the fault line, the road surfaces show fractures corresponding 
to right lateral strike-slip of about 0.5 to 1 cm. Some of these 
fractures were very young when the Geological Survey team 
carried out their study; they are so small that during the 
summer, when the asphalt softens, they are smoothed out 
when heavily loaded cattle trucks pass over them. It seems 
that some of the cracks were certainly less than three months 
old when surveyed in June of 1966-steady slip of up to 
1.25 cm. in three months (5 cm. per year), just about in line 
with the average slip recorded in the rocks over geological 
ages of millions of years. 

Perhaps one of the most widely noticed effects of such 
slip is the displacement of straight fences which cross the 
fault. All these movements agree with the right lateral slip 
which we know is a trademark of the San Andreas fault. 
The great value of such manmade objects is that we can be 
sure of the date on which they were erected, and we can be 
sure, too, that they were straight at that time. So it is a simple 
matter to work out the average rate of strike-slip movement. 
Between Cholame and Camp Dix, where dramatic 9 m. offsets 
of stream channels are common, there is no evidence that 
roads and fences built in the past twenty years have been 
affected by the creep. Between the Cholame-Parkfield area 
and the Paicines-Hollister region such evidence of creep is 
common. For the whole of this Cholame-Hollister region the 
slip during this century averages out at just under 2.5 crn. per 
year, though in the middle of the region the rate may be as 
much as 5 cm. per year. 

Further evidence of steady creep comes from within the 
city of Hollister, inland from Monterey Bay. Right lateral 
bending of sidewalks, pipelines, walls and other features can 
be seen along the fault line. In 1966 a sidewalk laid in 1910 
and another laid in 1928 were observed to be shifted by the 
same amount (25 cm.) as a gas pipeline laid in 1929. Pre¬ 
sumably this means that there was little slip between 1910 
and 1929 but that there has been slip averaging about 0.7 cm. 
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per year from 1929 to 1966. Another sidewalk built on a 
fault line shifted by 10 cm. in the five years since 1966. The 
region between Cholame and Hollister is characterized by 
complex and changing slip rates as tension is transmitted be¬ 
tween the San Andreas fault proper and the Calaveras fault 
zone, which runs parallel to the San Andreas fault a few 
miles further inland at this point. 

What do these differing histories for adjacent parts of the 
fault tell us? From Paicines to Cholame there has been 
gradual creep for periods of at least years at a time since 
the beginning of this century. South of Cholame to Camp 
Dix there has been no such gradual slip. But there have been 
sudden, dramatic jerks (9 m. in 1857) which add hundreds 
bf metres of offset movement over the lifetimes of some 
streams in the area. North of Cholame small earthquakes 
are not unusual and have occurred several times in the past 
seventy years, while to the south even the smallest seismic 
disturbances (micro-earthquakes) have been rare since 1857. 
The two regions north and south of Cholame cover a parti¬ 
cularly interesting region of the San Andreas fault, as they 
lie between the areas of extent of the 1906 and 1857 earth¬ 
quakes, yet overlap the outer fringes of these two great events. 
What do the differences between these two regions tell us 
about the probable location of the next great California 
earthquake? 

There are two obvious possibilities: either the region be¬ 
tween the two great earthquakes is now adjusting more gently 
to the movement they each achieve so dramatically, or the 
two now quiescent regions are lagging behind the overall 
movement of the part of California attached to the Pacific 
plate. From the information gathered already in this and 
preceding chapters, it is possible to make a good informed 
guess as to which of these two alternatives is the more plaus¬ 
ible. We can make the choice even more certain, however, 
by stepping back again from the detail of the fault north 
and south of Cholame and taking another look at the entire 
wood-the fault system from Cape Mendocino to the Gulf 
of Califomia - bearing in mind what we have learned from 
our close inspection of a couple of typical trees. 
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PATTERNS OF ACTIVE AND INACTIVE REGIONS ALONG THE 
SAN ANDREAS FAULT 

The small region of the fault which we have examined in 
detail is a microcosm of the whole San Andreas system. Our 
aim is either to predict when and where the next great Cali¬ 
fornian earthquake will occur, or, more modestly, to define 
regions of the fault which are likely to move in large, sudden 
jerks and to indicate roughly the times when such areas of 
the fault will be particularly prone to sudden strike-slip move¬ 
ment. Many geologists have pointed out that throughout the 
length of the San Andreas fault there is no correlation be¬ 
tween areas where there is now a great deal of small-to- 
medium-scale seismic activity and areas in which disastrous 
earthquakes have occurred in the past couple of centuries. 
Indeed, there is an anticorrelation ; for in the case of the San 
Francisco-Camp Dix segment of the fault, the ‘great’ earth¬ 
quakes have occurred in regions which today are the least 
active seismically. Along the fault line there are regions 
which show every variety of strike-slip motion from con¬ 
tinuous creep to occasional great earthquakes. Are these con¬ 
ditions permanent features of particular regions of the fault? 
And if so, can we use the ever-growing pool of geological 
knowledge about the San Andreas fault to predict which 
segments will suffer great earthquakes? If this is the case, then 
half of our prediction problem will be solved. It seems that 
insight into the nature and the release of strain in rocks has 
now provided an affirmative answer to both questions, with 
the proviso, of course, that by ‘permanent’ we mean such 
features that last for many human lifetimes. In the 41-billion- 
year history of the Earth, the California fault system-and 
indeed California itself-can only be regarded as transitory, 
insignificant features. 

Because so much evidence has now been accumulated 
showing how large displacements result from continuous 
creep, and since fairly large horizontal movements occur 
along a strike-slip fault even during a quite small earthquake 
*^such as the San Fernando earthquake of 1971-there is 
certainly no need to expect that great earthquakes must 
occur everywhere along the fault line. Indeed smaller-scale, 
*hore frequent movements are so effective in relieving strain 
along much of the San Andreas fault line that it could well 
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be that regions of great earthquake activity, rather than re¬ 
peated small earthquakes, are the exception rather than the 
rule. Not only are two particular sections of the San Andreas 
fault now completely quiet-as seismically inactive as the 
most stable continental landmasses - but they are geologically 
distinct from the three active regions of the fault. 

% 

THE DANGER AREAS AND FUTURE LARGE QUAKES IN CALIFORNIA 

What exactly happened, geologically speaking, during the two 
great earthquakes of 1857 and 1906? South of San Bernardino 
the situation is very confused. What has happened here is that 
Baja California has run up against the obstacle of the San 
Gabriel mountain ranges during the course of its drift to the 
north. Something has to give as a result of this collision, and 
the thin continental crust north of the Gulf of California is 
being crumpled and torn apart as the mountains deflect the 
northward-moving Baja California peninsula to the west. 
The simple fault line is replaced by a many-branched fault 
system, which is active today in the form of repeated small- 
scale earthquakes and creep like the events north of San 
Francisco. In other words, the area is safe as far as great 
earthquakes are concerned. 

SAN BERNARDINO-PARKFIELD REGION (1857 QUAKE) 

Between San Bernadino, just east of Los Angeles, and Cho- 
lame, just south of Parkfield, the situation is very different. 
Of course the 1857 event is less well documented than the 
San Francisco disaster of this century, but it seems fairly 
clear that the break in the fault ran for at least 350 km., 
from Cholame to San Bernardino (see figure 8, page 40). 
Along this line the fault shows up clearly as one continuous 
line. Northwest from San Bernardino there are no breaks or 
branches of any importance in the fault until we get to 
Cholame. There we find that the fault has been jogged side¬ 
ways by about 1 km., and the Cholame valley forms a dis¬ 
tinctive feature in the landscape, surrounded by much rougher 
terrain. Significantly there is also a clearcut change in the 
type of underlying rocks beneath the terrain near Cholame* 
The rocks adjacent to the fault but northwest of Cholame 
were, it seems, laid down under different conditions from 
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those which form the ‘basement’ adjacent to the fault but 
southeast of Cholame. 

SAN FRANCISCO-CAPE MENDOCINO REGION (1906 QUAKE) 

Much of this evidence was gathered together from various 
sources a few years ago by Dr Clarence Allen of the Cali¬ 
fornia Institute of Technology. Dr Allen was concerned with 
the 1906 break in the fault, and although a large part of this 
break is underwater it does seem that there are many similar¬ 
ities between the two quiet danger regions. At the southern 
end of the 1906 break, near Hollister, the fault branches into 
the complex Calaveras-Hayward fault system which runs 
roughly parallel to the coast just inland from San Francisco 
Bay. North from Hollister to Cape Mendocino the fault is 
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again a single, simple break, while beyond Cape Mendocino 
the magnetic recordings on the seafloor show a confused 
jumble of complex fault branches. While both the 1857 break 
and the 1906 break show a pronounced bend in the middle, 
the rocks northward of the 1906 break are typical of the sea¬ 
floor and somewhat different from those adjacent to the fault 
just south of Cape Mendocino. 

All of this evidence points to the likelihood that these two 
segments of the fault are the locations of occasional great 
earthquakes which release the accumulated strain of decades 
in one jerk. Perhaps the bends in these two regions of the 
fault help to lock the fault in one place while the strain builds 
up. Both segments are free from side branches which else¬ 
where are associated with frequent minor activity. In the 
other three segments, however, the geology is such that it 
seems almost certain that they never experience truly great 
earthquakes. Strain is gradually released by creep and small 
seismic disturbances almost as quickly as it accumulates. All 
these features seem to be permanent in the sense that they 
have existed for thousands of years (during the whole of the 
recent epoch of geological time) and will continue substanti¬ 
ally unaltered during the foreseeable future of mankind. 

To some extent the ‘quiet’ and ‘active’ parts of the fault 
overlap. The San Francisco region is the best example of 
this, and San Franciscans seem to get the worst of both 
Worlds because the San Andreas fault runs down into a 
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region where small-scale, repeated activity is produced by 
movement of the system of faults including the Calaveras- 
Hayward (see figure 8, page 40). But this exception does not 
detract from the overall significance of the discovery that 
the fault as a whole divides into regions where minor activity 
is common and regions where strain can only be released in 
occasional great earthquakes. 

It seems, then, that we can answer the question, ‘Where in 
California will the next great earthquake occur?* If only two 
regions of the fault are susceptible to great earthquakes, and 
if strain builds up at a fairly steady rate along the entire 
fault, then the region of the great earthquake before the most 
recent disaster is the most likely candidate for the next such 
event. The naive guess that seismically quiet regions are the 
safest does not stand up for the case of the San Andreas 
fault. 

Along the northern segment of fault corresponding to the 
1906 earthquake, strain has accumulated unrelieved for nearly 
seventy years, and if it could be /ealized the fault would 
presumably slip by 70 X 6 cm., or*4.2 m. But along the line 
of the 1857 slip, strain has been building up, presumably at 
the same rate, for getting on for 120 years. This corresponds 
to an impending slip of 7.2 m.-and we already know from 
evidence of offset stream channels that the 1857 earthquake 
itself produced a slip very comparable to this size, about 
9 m. These figures have an ominous look; after all, the 
common-sense guess would be that in 1857 accumulated strain 
was released when strain built up to 9 m. of slip stored in 
rocks. There is no reason to believe that the forces holding 
up the slip today are any different from what they were in 
the last century. It may be that the 1857 segment will slip 
again when another 9 m. of stored-up strike-slip overcomes 
the restraining forces, which gives us until 2001 to prepare 
for the next great earthquake. But it would not be surprising 
to see the fault jerk at any moment, especially if some outside 
influence provided an extra push to trigger the jerk. 

"So our second question ‘When will the next great earth¬ 
quake occur? 5 assumes an immediate practical importance. 
This is no hypothetical question to pass on to our children 
and grandchildren. We can be pretty sure that the slip will 
come within our lifetime, that it will be roughly as great as 
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the slip of 1857, and that unlike the situation in the mid¬ 
nineteenth century it will affect one of the most densely 
populated regions of the state. Los Angeles will soon find 
that the San Fernando earthquake of 1971, which was pro¬ 
duced by movement on a small fault a little way from the 
San Andreas fault, was small beer as Californian earthquakes 
go in spite of the destruction it caused. But how accurately 
can we pin down the date of the next major slip? Factors 
affecting the whole of the globe, rather than the activity of 
one small region, could easily provide a trigger for the San 
Andreas fault and we shall see that such factors come to a 
head early in the 1980s. Time may be even shorter than we 
have guessed. But before we move back again to look at the 
global picture - and indeed at processes which make the Earth 
itself an insignificant mote in space - we will first see just how 
strain in rocks can be tolerated up to a certain point, but 
above that point the rocks can no longer contain the forces 
on them. 



4o Strain in Rocks and Fracturing 
Experiments in the Laboratory 


When we begin to look at the detailed physics of fracturing 
in rocks, and the physical processes which go on when pieces 
of rock on either side of a fault slip past one another, we 
are leaving the solid ground of physics far behind. The kind 
of mechanics which we are taught in high school and college 
-the perfect elastic solid which obeys Hooke’s law or the 
ideal viscous fluid which is incompressible and has no internal 
friction or viscosity as described in detail long ago by Newton 
-is concerned largely with ‘perfect’ examples. The laws of 
physics are clearly laid down in this area of classical mech¬ 
anics, and by following the rules it is a straightforward matter 
to calculate what will happen to an object when a certain 
force is applied to it in a certain way. The Hooke solid 
exhibits a simple proportional relation between stress and 
strain. 

But real life is nowhere near as simple, and the behaviour 
of rocks under the conditions which we find along the San 
Andreas fault is far from being the simplest problem in the 
real world. Helpful pieces of information about the effects 
of pressure on fractured rocks can be gleaned both from the 
laboratory experiments which have been carried out on rock 
samples and from geological studies in the field. In both types 
of empirical study we shall be concerned with rules of thumb 
which have no foundation in any comprehensive theory of 
the structure and behaviour of rock. To take a rather way' 
out example of an empirical rule, it is well known that every 
President of the USA elected during a year which completes 
a decade (Kennedy in 1960, Roosevelt in 1940 and so on 
twenty-year intervals) has died in office, albeit after serving 
one, two or three terms. There is no logical explanation f° f 
this; but would you run for President in 1980? Getting back 
to more or less solid ground, the empirical ‘rules’ concerning 
the behaviour of rocks under pressure seems to come p af[ 
way between an ideal elastic solid and an ideal viscous flui^' 
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Logically enough they are described as being viscoelastic. 

The study of viscoelasticity in rocks is concerned with low 
temperatures and pressures - conditions which we shall find 
are curiously appropriate for the San Andreas fault although 
quite inappropriate as a guide to the activity of most earth¬ 
quake regions around the world. This is because the jerks 
which are associated with very large earthquakes only occur 
where the two plates of the Earth’s crust are locked together 
temporarily. At great depths, where temperature and pressure 
are both high, it seems that the plates slide past one another 
smoothly throughout the length of their line of contact. In 
other words California’s earthquakes are all shallow focus, 
occurring at depths where temperature and pressure are re¬ 
latively low and the empirical theory of viscoelasticity can be 
applied, at least roughly. 

Experimental studies of rocks in the laboratory have been 
carried out by many teams, notable among them the various 
groups of the United States Geological Survey. Under pres¬ 
sure some rocks become plastic; that is the rocks stretch 
elastically until some critical yield stress is reached, and then 
suddenly slip irreversibly along fracture zones. This happens 
only under particular conditions - when the temperature is 
high and the strain on the rocks is slow and steady. The exact 
behaviour of these rocks also depends on their previous 
history of fracture and faulting, but the empirical rules 
worked out so far are much too crude to take account of this 
in any reliable way. 

The important factors which affect the flow and creep of 
real rocks are the amount of stress and the rate at which 
the stress is applied. If a small stress is applied for a short 
time, the rock will be deformed but can spring back elastically 
to its original position when the stress is removed; recovery 
of this kind occurs in small to medium flow and fracture. 
After large-scale flow or fracture, however, the rock is dis¬ 
torted to breaking point by large stress over long periods of 
time and cannot return to its original position. Naturally, all 
these effects - fracturing, elastic deformation, flow and re¬ 
covery-are combined in various proportions in real rocks; 
hut the general effects can be differentiated as clearly as can 
the active and quiet fault regions of California. 

For our present purpose, the phenomenon of creep is the 



52 The Jupiter Effect 

most interesting example of the behaviour of rocks under 
stress. Fracturing is an example of the effect of creep; as 
stress increases, the strain across a fracture (like the San 
Andreas fault) increases even more rapidly than the stress 
along the fracture. Eventually rock samples exposed to 
sufficient pressure are split apart. This is how some of the 
complex fault and fracture systems associated with the San 
Andreas fault may have grown up. These and other processes 
of creep are well documented in a general way, but the rather 
empirical studies of viscosity and elasticity are inadequate 
to describe what is going on mathematically. When it comes 
to predicting the behaviour of rocks under stress we must 
fall back on laboratory experiments and field studies. Even 
though there are no equations to describe in detail what 
happens to deformed rocks, one fact of great importance 
emerges from the laboratory studies. Like the straw that 
broke the camel’s back, when the conditions are right the 
addition of a very small extra stress can act as a trigger to 
relieve strain by deforming the rock rapidly over a wide 
area. This is directly applicable to the San Andreas fault 
and provides further strong support, if any were needed, for 
the idea that the regions of the fault which are quiet and 
subject to long-term stresses are just those regions most 
likely to suffer catastrophic earthquakes. Knowing that strain 
is now building to a peak in parts of California, all we need 
to predict when the catastrophe will occur is to find the 
trigger-but that is a pretty big proviso which has baffled 
many people. 

Before we look for the trigger mechanism, we can see how 
laboratory tests provide a very clear understanding of one 
feature of the California shallow-focus earthquakes which 
was, until a couple of years ago, baffling to both geologists 
and geophysicists. The depth at which Californian earth¬ 
quakes originated is only 10 or 20 km. below the Earth’s 
surface. But the tectonic plates which are sliding past each 
other on either side of the San Andreas fault are, according 
to the best geophysical evidence, several times thicker than 
this. Shouldn’t there be disturbances right down to the bottom 
of the plates? The best way out of this dilemma is to postu¬ 
late that below a certain critical depth the motion of the 
plates is a smooth creep, while the jerks and lurches occur 
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closer to the surface. Both this kind of uneven motion ~ ‘stick- 
slip’ - and smooth fault creep are found when rocks are sub¬ 
jected to high pressure in the laboratory. What causes one 
kind of motion to be preferred over the other? The answer 
-or at least one important factor-may well be the tem¬ 
perature of the rocks, according to a study carried out by Dr 
W. F. Brace of the Massachusetts Institute of Technology, 
and Dr J. D. Byerlee of the United States Geological Survey. 

The reason why so few experiments on frictional sliding 
of rocks at high temperature and pressure have been carried 
out is that not only must the rock being tested be kept in a 
hot environment, but the container must also be large enough 
to allow the rock to distort as sliding along fault lines occurs. 
Once these experimental problems were overcome a detailed 
picture of the combined effects of temperature and pressure 
on friction in rocks began to emerge. Drs Brace and Byerlee 
used cylindrical samples of rock to try and find out what 
happened to faults at different temperatures and pressures. 
Unfortunately faults are hard to come by, in laboratory-sized 
pieces of rock at least, so quite often sawcuts were used as 
artificial faults. This raised some difficulties in interpreting 
the results of the experiments. Sawcuts are flat, with finely 
ground surfaces; each sawcut is almost identical with every 
other. On the other hand real fractures are rough; their 
surfaces are irregular and one fracture can be very different 
from another. In spite of these difficulties the experiments on 
sawcuts were useful when compared to the few experiments 
carried out on real fractures. There is more ‘scatter’ in the 
results for fractures but the data on fracture is in the same 
ball park as the results for sawcuts. Since we are only con¬ 
cerned with general properties, these experiments provide a 
useful insight into the influence of high temperatures on 
fractures. 

The experiments were carried out on both granite and 
gabbro. Both are igneous rocks bom from the molten magma 
of the Earth’s interior, and both are coarse-grained rocks. 
Gabbro is composed of pyroxene, hornblende and biotite, 
While granite contains potassium feldspar and quartz, with 
only small amounts of biotite and hornblende. More important 
from our point of view, both are characteristic of rock strata 
Underlying California. The pressures used in the experiment 
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ranged up to 5000 bar (1 atmosphere pressure^ 10“ 1 bar=10+6 
dyne cm. -2 ) and the temperatures went up to 500°C. For both 
kinds of rock high temperatures profoundly influenced stick- 
slip sliding; it was replaced by stable sliding as the tempera¬ 
ture increased. The transition from one kind of sliding to the 
other is more pronounced for sawcuts than for real faulted 
rock samples, but it is still revealed by the experiments. There 
is no physical explanation of this transition at high tempera¬ 
tures in faulted rocks - it is an empirical result. In many ways 
the experiments provide only an incomplete guide to the 
behaviour of fault systems such as those in California. For 
example, the presence of debris in the fracture has a pro¬ 
nounced effect. Sawcuts are free from debris, and undergo 
stick-slip at pressures of only a few hundred bars. For a fault 
in granite containing a little debris, the critical pressure for 
stick-slip movement is raised to more than 1000 bar, and for 
crushed granite -all debris and no crystalline rock - stick-slip 
begins only when the pressure reaches 8000 bar. 

There is also the problem of water in the rocks. Water 
can act as-a lubricant for faults, encouraging earthquakes. 
Geophysicists discovered this (empirically!) when the US 
Army pumped waste material from chemical and biological 
weapon manufacture down a well in the Denver area in 
1963; a few years later the discovery was confirmed when an 
oil company in Colorado pumped water into the ground in 
order to push oil towards the surface and minor earthquakes 
began at one side of the oil field. Geologists from the National 
Center for Earthquake Research were called in, and when 
they pumped the water out of the ground the earthquakes 
stopped. Now water has been pumped into the ground yet 
again, and earthquakes - on a small scale-have restarted. 
The first tiny step towards artificial earthquake generation 
has been taken. Getting back to California, however, the 
question of the water content of the rocks remains an un¬ 
known to confuse the application of the results of laboratory 
experiments to the real world.) Also, the strain on rocks ‘in 
the field’ is slower and more steady than it was in the 
laboratory tests-the experimenters obviously could not wait 
for tens or hundreds of years to complete experiments or 
watch the slip of the faults. 

But even with these caveats it does seem ‘that the dis- 
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appearance of earthquakes at shallow depth in California 
could well be due to increased temperature’, as Drs Brace and 
Byerlee put it. At a depth of 15 km. the temperature of the 
Earth is between 300° C and 500°C, just in the range of the 
temperature boundary between stick-slip and steady slip 
found in the laboratory. Just as the geologists working with 
the Colorado field are beginning to understand how to lubri¬ 
cate faults, so the laboratory experiments are beginning to 
give insight into overall features of fault movements. Our 
search for an understanding of the San Andreas fault has so 
far taken us from the global arena of plate tectonics down 
to the detailed geology of the fault itself and finally to high 
pressure and temperature experiments on small samples of 
rock in the laboratory. To find a trigger for the incipient jerk 
which we have found to be locked up in parts of the fault 
we must again start from an overall picture of the Earth, as 
well as looking outwards to the Sun and the Solar System 
where processes far more violent than all the seismic activity 
on Earth are going on and may reach out soon to jolt our 
planet, shaking the San Andreas fault back into life. 



5. Earthquakes, the Weather, and 
Changes in the Earth’s Rotation 


All the San Andreas fault needs to lurch into life is a small 
nudge. Even so no influence of man is strong enough to 
provide the necessary nudge, unless some fool takes it into 
his head to pump water down a deep well near the locked 
sections of the fault, or a nuclear device is exploded under¬ 
ground in the western part of the state of California. Indeed, 
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from what we have seen of the overall worldwide pattern of 
plate tectonics and the intimate way in which the motions of 
the plates which make up the Earth’s crust are related, it 
seems most unlikely that any sort of local disturbance will 
be the trigger of the next great Californian earthquake. Instead 
we should begin to think of disturbances of the margins of 
these tectonic plates. Is there any event, or combined series 
of events, which might trigger a shaking of these boundary 
regions and cause a ripple of seismic activity around the 
earthquake-prone regions of the globe? 

Even as recently as ten or twenty years ago, anyone who 
argued that the spin of the Earth was slowed down and 
speeded up, like that of a top, by routine events in the Solar 
System, would have been classed as a crank. Indeed, any 
contemporary of this ‘crank’ who professed a belief in the 
theory of continental drift would have been unlikely to obtain 
a teaching post in a good university in the United States. 
Now, it is often said that you cannot become a professor of 
geophysics in America unless you do profess a belief in con¬ 
tinental drift; and although the situation is not quite the same 
for those who study the interaction of the Earth, the Sun 
and the planets, at least the climate has warmed sufficiently 
so that their views are discussed and published in the respect¬ 
able scientific literature. Just how respectable these once 
scorned ideas are will be seen later; first, how might patterns 
in the overall seismic activity of our planet give us clues as 
to how earthquakes are triggered in the San Andreas fault? 
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earthquakes, chandler wobble, and movement of the 
earth’s poles 

As the Earth spins on its axis and follows its elliptical path 
around the Sun, its axis of rotation wobbles like a child’s top, 
and for precisely the same reason. Like the child’s top, the 
Earth is not exactly spherical. The Earth bulges out around 
the equator and this equatorial bulge provides a ‘handle* 
whereby the gravitational fields of the Sun and Moon can 
get a grip on the Earth and disturb its smooth passage through 
space. Most people know that the Earth’s pole does not 
always point to the same point in space - that is, to observers 
living on Earth the patterns of the constellations seem to 
wheel around with a period of 25,800 years. What is really 
happening is that during that time the Earth’s axis traces a 
circle on the sky of about 47 degrees of arc. Today Polaris 
lies almost exactly above the North Pole, and by the year 
2000 ad Polaris will be a still better pole star; by about 
14,000 ad, any people still living on the Earth will be using 
Vega as their pole star. One interesting side-effect of this 
precession is that the definition of star coordinates, which 
astronomers use to locate stars (in much the same way that 
we chart places on the Earth by their latitude and longitude), 
must always be defined by reference to a certain year. One 
set of standard coordinates was defined in 1920; by 1950 
these differed so much from the real sky that a new standard 
was introduced, and today some astronomers use a coordinate 
system based on the 1980 position of the stars. All of these 
changes, from the long-term change, over many thousands 
of years, of the Pole Star to the humdrum routine of standard 
astronomical measurements, result mainly from the precession 
of the Earth caused by variable gravitational pull of the Sun 
and the Moon on the Earth’s equatorial bulge. 

Since the Moon’s orbit does not follow a simple circle 
around the equator, the effect of its changing gravitational 
field produces a secondary nodding effect in the movement 
of the Earth’s spin relative to the fixed stars. This effect, 
known as nutation, is much smaller in amplitude than the 
25,000-year precession and it has a period of only 18.6 years. 
Astronomers have known about nutation since 1747; but it 

i 

ls not the end of the story. Yet another, more frequent kind 
of polar wandering is known, named the Chandler Wobble 
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after the amateur American scientist who first described it in 
1891. This wobble is a motion of the pole with respect to 
the crust, and differs from nutation, which is a movement 
of the pole with respect to the fixed stars. Unlike the other 
two effects, however, the source of this ‘dance of the pole with 
respect to the crust’ is well known to be a free oscillation 
with a 14-month period. The best ideas today link the Chandler 
Wobble to the occurrence of magnetic forces which cause 
the molten core inside the Earth and the surrounding rigid 
crust to affect one another, and to the occurrence of earth¬ 
quakes in the rigid crust. The wobble should also show lunar 
and solar tidal frequencies due to asymmetry of continent 
and oceans, but the effect is too small. However, because of 
the ‘responsiveness’ of rocks to these tidal periods, they may 
be important for triggering earthquakes (see chapter 6). 

There is a very real ‘chicken and egg’ problem when it 
comes to investigating the relation between the Earth’s wobble 
and earthquakes. It is not difficult to find that some changes 
in the wobble coincide with earthquake events. Thus the 
seismologist would tend to say that the Earth wobbles and 
that this shakes earthquakes into action; while the astronomer 
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may say that earthquakes cause large shifts in the mass dis¬ 
tribution of crust in the outer parts of the globe and such 
redistributions cause the polar axis of the Earth to wobble. 
In fact both points of view are probably correct. Wobble, 
changes in the length of the day, and earthquakes must 
interact in a complex way, with changes in one affecting the 
other and then producing a feedback upon the original 
changes. But in the past two or three years earth scientists 
have begun to get a better handle on some aspects of this 
complex interaction. 

One recent study, by Drs Mansinha and Smylie of the 
University of Western Ontario in Canada, concentrated on 
the effect of the large shifts in the mass distribution of crust 
involved in great earthquakes, upon the motion of the Earth’s 
axis of rotation. First, the relatively steady parts of the polar 
motion (called the secular shift) are separated in order to 
distinguish them from the wobble. Both secular shift and 
wobble have been monitored by astronomical observations 
at a specially created worldwide network of stations. This 
network has been in operation for all but a few years of this 
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century, and from this accumulated evidence it seems that 
from time to time something energizes the Chandler Wobble 
to produce a regular change in the direction of the axis of 
rotation. This occurs with a period of about fourteen months 
and an amplitude which dies away after ten to thirty years. 
What could be the mechanism which excites this wobble? 

One idea which received widespread support is that the 
seasonal movement of the large masses of air around the 
globe could produce an effect with a period of about one 
year. However, this idea does not stand up to detailed exam¬ 
ination-after all, the period of the Chandler Wobble is not 
exactly one year-but it is worth remembering that the 
motions of very large air masses affect the behaviour of other 
parts of the complex system which makes up the Earth as 
we know it. We shall see that shifting air masses play a role 
in other theories bearing on the question of earthquake pre¬ 
diction, since they occur over a period of a few days when 
a rapid change of stress can weaken rocks. Indeed, Dr Donald 
Anderson at Cal Tech has shown that the high correlation 
between irregular (in 10 years) variations in the length of the 
day, Chandler Wobble amplitudes and global seismic activity 
may be partially due to climatic changes and ultimately to 
explosive activity. It should be added that he believes these 
correlations are attributable to random internal changes 
within the Earth itself rather than to the weather and solar 
phenomena. One of the greatest changes of the length of the 
day noted by Anderson and the related burst in large earth¬ 
quakes occurred around the beginning of the twentieth cen¬ 
tury when California’s most devastating quake rocked the city 
of San Francisco. In addition, we should note the research 
of Dr C. Sugawa and his Japanese colleagues who show the 
physics of a strong correlation between solar activity, the 
atmosphere and changes in the rotation of the Earth. Their 
patient collection of data at the Mizusawa Latitude Obser¬ 
vatory has paid off handsomely in terms of increasing our 
Understanding of the Earth’s atmosphere and solar activity. 

The best idea now available is that the wobble is excited 
not by motions in the atmosphere above our heads, but by 
changes in the Earth beneath our feet. According to detailed 
calculations made by Drs Mansinha and Smylie (and similar 
Work by other people) there is enough energy involved in a 
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sudden large-scale movement of a great fault like the San 
Andreas to provide the impetus for the wobble. In addition, 
the historical records indicate that there were measurable 

changes in the pole position at the time of at least four great 

% 

earthquakes in this century, including the San Francisco 
disaster of 18 April 1906. The cause and effect relation is 
certainly not definitely proved, as Dr F. A. Dahlen points out, 
but earthquakes are a possible source of the Chandler Wobble. 
Although it might seem that we are looking in the wrong 
direction for something to trigger earthquakes, at least this 
evidence shows that we have found an interesting trail- 
earthquakes and the wandering behaviour of the spinning 
top we five on are part of the same story. If we turn away 
from the particular trail of the Chandler Wobble and look 
at irregular fluctuations in the spin rate of the Earth, we shall 
find that the story becomes still more intriguing. 

CHANGES IN THE RATE AT WHICH THE EARTH SPINS 

The speed with which the Earth turns on its axis is not steady. 
Variations in this speed, and the resulting changes in the 
length of day (for one day is simply the time taken for the 
Earth to turn on its axis once) can be divided into three 
groups. First, there is a slow but steady increase in the length 
of day. This slowing of the Earth’s rotation is the result of 
lunar and solar gravitational effects, and is continuing all the 
time at a rate of 0.0016 seconds per century. However, it is 
important to note these tidal influences are not constant over 
the Earth, but vary mainly with a well-known twelve-hour 
period. The long-term effect of the apparent motion of the 
Moon on the Earth was noticed by Edmund Halley (of comet 
fame) back in 1695, although he thought then that the Moon 
was speeding up, rather than the Earth slowing down. Second, 
there is an annual and semi-annual seasonal variation in the 
length of day, and the amount of this variation itself changes 
from year to year. All other effects aside, a day in spring 
is about 0.0025 of a second longer than a day in fail; this 
variation is attributed to the movement of great masses of 
the atmosphere about the globe as the seasons change. The 
third kind of variation in the Earth’s rate of spin falls under 
a catch-all phrase -‘irregular fluctuations’, which means any¬ 
thing that the earth scientists and astronomers cannot explain 
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by the first two effects. This looks like the sort of place 
where we might find a trigger for unusual earthquake activity, 
since the strain caused by a changing spin of the Earth must 
be dissipated somewhere. But there is a lot to be learned 
about the overall behaviour of the Earth from a quick look 
at the first two kinds of variation as well. 

It is worth a slight detQur from our main trail to see how 
astronomers have been able to measure the slow, steady 
increase in the length of May from historic records, even 
without such modem aids as atomic clocks. Working at the 
Johns Hopkins University in Maryland, Dr R. R. Newton 
(a happy name for an astronomer) has investigated astro¬ 
nomical records left by a great scholar who lived about 1000 
years ago and rejoiced in the name Abu al-Raihan Muhammad 
bin Ahmed al-Biruni. Al-Biruni seems to have had an adven¬ 
turous life; born in 973 ad, he was involved in civil war, 
became a friend of princes, and was taken hostage in 1017 
by Sultan Mahmud of Ghazni. He remained in the realm 
of the Sultan who had made him a hostage for the rest of 
his life, although we can take it that this did not involve any 
unusual hardship for the times in which he lived. He wrote 
many books, several of which survive intact to this day. One 
in particular contains information which enabled Dr Newton 
to work out the rate at which the Earth’s length of day was 
changing around 1000 ad. 

According to al-Biruni, this book was intended to deter¬ 
mine the direction of the great circle from Ghazni to Mecca 
in order that the devotee might face in the correct direction 
at the proper times. Apparently this was a standard justifica¬ 
tion used by Islamic astronomers to obtain official approval 
for their fundamental research. In this respect they probably 
differ little from scientists involved in fundamental research 
today, who must find some mundane justification for their 
Work before it receives the approval of the committees which 
disperse the money. Because the coordinates of Baghdad 
relative to Mecca were already known, al-Biruni calculated 
the coordinates of Ghazni relative to Baghdad. In so doing 
he used, among other methods, observations of the elevation 
of the Sun to determine latitudes. Knowing latitudes exactly, 
a nd measuring distances along the ground, he had enough 
^formation to calculate longitudes. Fortunately for modern 
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astronomers, ai-Biruni often gave the original observations 
of the Sun-the "raw data’ from which other information 
can be obtained by different calculations. In addition he 
quotes measurements of the time of the autumnal equinox 
which go back to Hipparchus in 161 bc - further from al- 
Biruni in time than al-Biruni is from us. The equinoxes are 
the times of equal day and equal night, when the Sun seems 
to cross the celestial equator from south to north (Spring) 
or north to south (Fall). So the legacy of his writings repre¬ 
sents something of a gold mine to astronomers today who 
want to know how the Earth and the Solar System have 
changed during historic time. 

But modem astronomers have not had all their work done 
for them, since first they must identify all the observations 
recorded by ancients such as al-Biruni (eclipses and so on) 
with events they know must have happened. This is done by 
calculating the movements of the Sun, Moon and Earth in 
a computer, and running the model backwards. Even then the 
calculation of such a small effect as the steady change in the 
Earth’s spin requires painstakingly accurate work. Fascinating 
though the investigation into the work of al-Biruni and similar 
scholars is, we can be thankful that our interest in the Earth’s 
spin is from the point of view of related earthquake effects. 
Thus we can concentrate on the most recent studies where the 
atomic clock makes direct measurement of time changes 
possible. Dr R. A. Challinor, of the University of Toronto, 
has gathered evidence of all three kinds of change which we 
mentioned earlier, covering the decade and a half from 1955 
to 1970. 

Like the study of the polar wobble, trying to sort out what 
is happening to the rate at which the Earth is spinning means 
sorting out many effects which are made manifest in a similar 
fashion. Like the Russian dolls which fit one inside the other, 
each discovery about the Earth’s motion is hidden inside a 
larger effect. Dr Challinor sorted out the larger effects, putting 
them aside so that the smaller, more detailed variations would 
be revealed. First of all the precession and Chandler Wobble 
of the Earth must be discounted. This is no great problem 
because astronomical observations provide a standard of time 
in which the effects of these motions have been allowed for. 
This is called Universal Time One (UT1): basic universal 
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time (UTO) is calculated with the wobble effects left in, and 
this is the time used by navigators and astronomers - it is 
essentially the same as Greenwich Mean Time. Using atomic 
clocks, available since 1955, there is an independent standard 
of time called atomic time (AT). Since the mid-1950s the staff 
of the United States Naval Observatory have kept daily 
records of the difference between AT and UTO, which are 
based on measurements. Because the Earth is slowing down 
in its spin rate over the centuries, the day is now slightly 
longer than twenty-four hours; that is, the difference between 
AT and UT1 is slowly increasing on average. But as we have 
already seen, over one year the spin of the Earth both in¬ 
creases and decreases. From these daily observations Dr 
Challinor has taken averages over each month from the be¬ 
ginning of 1956 to the end of 1969. These show the steady, 
long-term change in the length of day (the mean yearly 
length of day is simply given by averaging twelve-monthly 
means) as well as seasonal variations, and the ragbag of other 

9 

effects (see figure 10), 

The next problem is to get rid of the seasonal variations. 
What Dr Challinor has done is to use a ‘harmonic analysis’ 
to find out exactly how the pattern of one year’s variations 
in the length of day repeats in the next and subsequent years. 
The speeding up of the Earth between Spring and Fall is very 
clear (see figure 10) but how many of the other wiggles in 
the graph are the result of seasonal effects? It seems that 
there are three long-term secular and periodic effects. As 
well as the strictly yearly variation there are six-month and 
four-month variations - harmonics corresponding to one-half 
and one-third of the main twelve-month variation - like the 
harmonics of musical notes. At last it looks as if we are 
getting somewhere. If all the periodic variations have been 
removed, then anything which is left is by definition erratic 

effects. 

We are not quite out of the woods however, because Dr 
Challinor is not the only person who has looked in detail at 
variations in the length of day. There are, in particular, some 
distinct differences between the exact values for the seasonal 
variations which Dr Challinor has calculated and the equi¬ 
valent values which are circulated by the Bureau Internationale 
de l’Heure (bih). These differences do not affect the overall 
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pattern of variations in the length of day, and we can certainly 
take Chailinor’s results as a good indication of the way the 
Earth behaves. What we cannot say, until years of more 
patient observation are completed, is that Chailinor’s results 
are exactly right. But since the differences we are talking 
about amount to only a few thousandths of a second (a few 
milliseconds) in a day twenty-four hours long, they will not 
affect any general conclusions which are made. Some idea 
of the really very good agreement between Challinor’s cal- 
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Figure 10. Variations in the length of day, derived from AT—XJT1, 
for the years 1956-1969. 


dilations and those of the bih is given in figure 11. Both sets 
of measurements are plotted with the yearly and six-monthly 
parts of the seasonal variation taken out. The bih version 
of this plot defines the international standard time UT2. Most 
people who have studied this variation are convinced that the 
annual seasonal variations are caused by the movement of 
the atmosphere. What of the irregular fluctuations - the re¬ 
maining wiggles in figure 11 which stop the plot from being 
a smoothly increasing line? 

Challinor has pointed out that the amplitude of these 
irregular fluctuations depends on just how the seasonal effects 
are removed. After all, he argues, it is just a matter of taste, 


Length of day (milliseconds In excess of 24 hours) 
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not scientific fact, which has produced the difference between 
his plot and the bih graph. Could it be that all the irregular 
fluctuations are merely leftovers from seasonal factors which 
have not been properly estimated? It is even possible to make 
out a case of that these irregular variations are due partly 
to small inaccuracies in the measurements. We are talking, 
after all, about fractions of a millisecond - but this is unlikely 
to cause all the wiggles in figure 11. Dr G. Rochester has 
pointed out that these irregular changes in the Earth’s rota¬ 
tion, which amount to a substantial fraction of a millisecond 



Year 


Figure 11. Variations in the length of day, after removal of the 
first two seasonal terms, for the years 1956-1969. 

over a few days or weeks, produce physically important 
accelerations as great as those noted by Dr Donald Anderson 
over the decade between 1900 and 1914. These accelerations 
are proportioned to the rotational torques and they tell us 
something about the stress within the crust. It is through 
the work of Drs D. Pines and J. Shaham that we learn of a 
large source of elastic energy, which these irregular acceler¬ 
ations, either of a short term or over a solar cycle, may draw 
upon to trigger earthquakes. The use of laser ranging of the 
Moon and very long base line interferometry will enable time 
intervals of these abrupt accelerations to be narrowed down 
J.E. c 
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to a fraction of a day, so that they may be correlated with 
improved global meteorological data. Thus the simplest ex¬ 
planation seems to be that the irregular variations are caused 
by fluctuations in the movement of the atmosphere, which 
are related to the seasonal variations but do not follow exactly 
the same pattern every year. If the circulation of the atmo¬ 
sphere did follow exactly the same pattern every year, we 
would have no need of weather forecasters; our everyday 
experience provides a good clue to the detailed unpredict¬ 
ability of air movements, even if we can be sure of the order 
of the seasons. 

THE INFLUENCE OF THE SOLAR WIND ON THE ATMOSPHERE OF 
THE EARTH 

What is the nature of these irregular fluctuations in the 
Earth’s atmosphere and what causes them? Observations 
of weather patterns point to a causal effect linking the 
activity of the Sun and the occurrence of large atmospheric 
low-pressure troughs crossing the region of the Gulf of 
Alaska and the Aleutian Islands. Norman Macdonald and 
Walter Roberts, of the University of Colorado, have studied 
weather patterns in the Alaska-Aleutians area, and also the 
geomagnetic disturbances of the Earth’s ionosphere by the 
high energy particles emitted from the Sun. These cosmic 
rays are produced in solar flares during times of sunspot 
activity. Upon reaching the Earth they interact with the 
Earth’s magnetic field to produce aurorae and magnetic storms 
which affect radio communications; later in the book we will 
look more closely at what happens on the Sun to produce 
these effects, and at how the solar cosmic ray particles and 
other products of the solar activity are transmitted across 
space to interact with the Earth and its atmosphere. But just 
now we are chiefly interested in what goes on when the cosmic 
rays from the Sun reach the Earth’s magnetosphere. 

People were aware of the Earth’s magnetic field before it 
was known that the Earth is round. Ancient Chinese and 
Mongul travellers made use of the curious property possessed 
by lode stones of always pointing to a fixed direction on the 
Earth’s surface. This point lies close to the North Pole, which 
is why the Pole Star is also known as the Lode Star. In the 
southern hemisphere the Earth has another, opposite, pole 
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rather like a bar magnet. We have already mentioned in the 
discussion on the magnetic tape recorder in chapter 1 how 
these poles can switch unpredictable this is something a bar 
magnet cannot do, and may be a result of the way in which 
the Earth’s magnetism is generated. The fluid core of our 
planet is swirled around by its spin. The magnetic lines of 
force produced by the terrestrial dynamo emerge from the 
poles, curving out into space, levelling out above the equator 
and then dipping back down to the other pole. Just now the 
North Pole is at 76°N 100°W and the South Pole is at 
66 °S 139°E-not quite at the geographic poles. Both magnetic 
poles wander slightly relative to the Earth’s spin axis, as well 
as indulging in the switching behaviour which geophysicists 
have found so useful in their studies of fossil magnetism. 

Soon after the dawn of the space age the American physicist 
James van Allen discovered the belts of charged particles 
about 1000 km. above the Earth’s surface. These atoms in 
the tenuous outer fringe of the atmosphere are stripped 
of their electrons to produce charged positive ions; both 
electrons and ions are then trapped by the Earth’s magnetic 
field. The charged particles funnel down towards the 
magnetic poles by spiralling around magnetic lines of 
force, and produce the spectacular aurorae by exactly the 
same process as the lighting of neon tubes. The glow of a 
neon tube has the characteristic colour of charged neon ions; 
in the same way the different colours green, blue, white and 
red of aurorae can each be identified with a different ion, 
including those of oxygen, nitrogen and sodium. At times of 
sunspot maximum, the aurorae cover wide zones around both 
poles and reach heights from 80 to 320 km. above the ground. 
They can be observed from almost anywhere above about 
50 degrees latitude, and the pattern seen-rays, vaguely inter¬ 
twined glows and curtains of light-change quickly. It now 
seems that they also change the weather patterns in the atmo¬ 
sphere below. 

aurorae and the weather 

Macdonald and Roberts define ‘key days’ for the effect of 
the solar particles on the Earth’s atmosphere. These are either 
days on which a sudden magnetic storm began (revealed by its 
effect on radio reception) or the day on which a strong 
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auroral display began, as reported independently by the Uni¬ 
versity of Saskatchewan. Both of these effects result from 
the sudden arrival of bursts of solar particles at the Earth’s 
atmosphere; as yet we will not worry about how or why 
the particles were emitted from the Sun. As far as weather 
patterns were concerned, the Colorado team asked meteor¬ 
ologists who did not know about the timing of auroral activity 
to select the days on which troughs of low pressure either 
formed or moved into the Alaska-Aleutian area. Then they 
compared the times for the two sets of observations. After 
the critical 'key days’ there are a greater number of deep 
troughs and correspondingly fewer minor troughs. According 

to Macdonald and Roberts the odds against this being a 

# 

coincidence are 100 to 1. Only troughs which appear between 
two and four days after the 'key days’ show this effect, and 
the only logical conclusion seems to be that the particles 
from the Sun are causing a deepening in some of the shallow 
troughs. During the years of minimum solar activity the 
statistical significance of these results fell somewhat; however, 
there is strong evidence of a preferential enhancement of 
vorticity over the Gulf of Alaska two or four days after 
auroral activity. This preferential enhancement of winds in 
the polar regions over equatorial regions will, as we shall see, 
be enough to cause significant irregular variations in the length 
of day. 

This discovery raises many interesting questions; apart 
from anything else, the energy contained in large-scale wind 
motions comprising the low-pressure troughs below about 
15 km. altitude is far greater than the energy of the solar 
particles arriving at the upper atmosphere, or stratosphere, 
50 km. above the ground and at least 35 km. above the 
weather patterns being affected. Possibly the input of energy 
high in the stratosphere from solar particles decreases the 
temperature gradient there, and energy which normally con¬ 
ducts upwards from the troposphere is deflected into hori¬ 
zontal motions (low-pressure troughs) by this 'lid’ that is 
placed on the lower boundary of the upper atmosphere. Some¬ 
how increases in solar activity, as indicated by changes in the 
magnetosphere of the Earth and in particular by auroral 
displays, provide a reliable indicator of imminent changes 
in the weather patterns of the Earth at high latitudes. Late 
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in 1973 work done by Dr J. King, of the Appleton Laboratory, 
tied changes in weather in the northern hemisphere even 
more firmly to changes in the Sun’s output of cosmic rays 
over several of the eleven-year solar cycles of sunspot activity. 

Late in 1974, two Czech physicists, Drs A. Zatopek and 
L. Krivsky demonstrated that streams of active solar particles 
and fields affect not only the upper layers of the Earth’s 
atmosphere near the polar cap, but shook the ground itself 
via the motions of a complex circumpolar atmospheric 
phenomena known as ‘the great polar vortex’. The relation 
between the shaking of the solid earth meteorological micro¬ 
seisms, i.e. quasi-harmonic oscillations of the Earth’s surface 
(period range 3 to 10 seconds) due to atmospheric pressure 
variations at the ocean’s bottom, and the circulation of the 
polar vortex is well understood. However, these two Czech 
physicists also demonstrate that there is an additional close 
relationship between solar phenomena over an entire 11-year 
cycle and the microseisms, as shown by the seismic instru¬ 
ments, (negative) intensity variations of cosmic rays and the 
occurrence of solar flares associated with type IV radio 
emissions from the Sun. The importance of these observations 
is that they relate solar activity to longer-term, worldwide 
climatological phenomena. 

THE WEATHER AND CHANGES IN THE LENGTH OF DAY 

Physically, changes in the length of day are linked to stresses 
that arise from wind shear at the surface of the Earth, and 
a slight excess in the pressure on the windward side over the 
lee side of obstacles like mountains and waves. The magnitude 
of wind stress at the surface of the Earth is larger by a 
factor of one hundred than the minimum values required 
to account for the observed variation in the length of day. 
Suppose the winds over the Arctic mountains were to increase 
suddenly due to solar disturbance of wind patterns. There 
Would be an immediate and pronounced effect on the length 
of day, but its persistence is limited to a few weeks at most. 
The effect of high-frequency variations in the length of day 
may be of the same order as the annual term. A weakening 
of the west winds and a poleward shift of air mass would, 
by itself, decrease the length of day; this is precisely the effect 
suggested by Roberts. 
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In our search for phenomena related to a trigger for earth¬ 
quake activity we have looked for the source of irregular 
changes in the Earth as it spins through space. The evidence 
points towards irregular changes in the atmosphere, since the 
outermost part of the Earth is spinning at faster speeds than 
regions nearer to the axis of rotation. These changes affect 
the total spin of the whole Earth system and might help to 
trigger incipient earthquakes in regions where tension has 
built up. Seasonal variations in the atmosphere, caused by 
regular changes in the heating of the Earth as it moves 
around the sun in an elliptical orbit, cause long-term, secular, 
regular changes in the spin rate of the Earth and in the length 
of day. Some unknown effect linked with solar activity may 
disturb atmospheric circulation. and cause it to produce ir¬ 
regular changes in the Earth’s spin rate. Obviously, to find 
other effects which can change the regular behaviour itself 
from time to time we must look outside the Earth. Can other 
solar effects provide irregular disturbances of the atmosphere? 
Or might some other effect in the Solar System disturb the 
Earth’s spin? Both possibilities seem promising in the light 
of the growing wealth of information which astronomers are 
gaining about the Sun and the Solar System, much of this 
information coming from the Earth satellites and space probes 
which are now available. 



6. Do Earth Tides Trigger Quakes? 


We have seen how the changes in the spin rate of the Earth, 
which can be measured by comparing Universal Time and 
Atomic Time, are the result of a combination of several 
different processes. Basically, predictable long-term seasonal 
effects and the Chandler Wobble combine with shorter, ir¬ 
regular jerks. These effects are caused by tidal forces of the 
Sun and Moon and by movements of great air masses over 
the oceans and continents following the pattern of warming 
and cooling of the seasons. The tidal forces, of course, raise 
and lower the levels of the oceans; these regular motions of 
water, passing in some places through narrow inland seas and 
estuaries, inevitably result in a loss of energy through friction. 
Similarly, movements of air masses cause energy and 
momentum to be lost by the planet Earth, and this is why 
the spin of our planet is affected. 

But what of the solid Earth itself? The tides in the oceans 
are obvious to anyone who has lived by the sea for more 
than a day, and we have all felt the winds in the atmosphere 
associated with movements of air masses. Few people, how¬ 
ever, realize that the land also experiences tidal effects-the 
ground moves by as much as 10 cm. up and down over a 
twelve-hour period. These earth tides are less dramatic than 
ocean tides-but then again friction plays a potent role in 
solids as well as liquids, so they provide a very important 
contribution to the energy losses of planet Earth and thus 
to changes in the spin rate. Earth tides arise both from the 
periodic tidal action of the Sun and Moon, and from changes 
in the Earth’s spin due to variations in pressure over the land 
caused by the atmospheric movements. The tides cause some 
regions to be compressed and others to be stretched or placed 

B 

in tension. When the Sun and the Moon are on the horizon, 
compression forces are greatest; thus quakes would be expected 
early in the morning or late in the afternoon. Conversely, 
for fault zones under tension, tidal forces are most important 
^hen the Sun and Moon are overhead, 
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The next step in the chain is not very well understood as 
yet, but the idea we are now going to follow up is that these 
forces, either separately or in a combination, can act to 
trigger the titanic forces stored up in areas of danger like 
the locked portions of the San Andreas fault. Just as a tiny 
push can send a boulder over the edge of a cliff, releasing its 
potential energy in a destructive fashion, so the potential 
energy stored in the stretched rocks of the San Andreas fault 
might be released by a relatively small trigger. In chapter 4 
we saw how a stress applied to rocks over periods of hours 
or days helps to bring them ever closer to breaking point. 
Tidal forces apply just this kind of pressure over just the 
right sort of time scales. Even more important, as we shall 
find from a closer look at earth tides, the energy dissipated 
in them is focused chiefly at the margins of continental tec¬ 
tonic plates and in regions where seafloor spreading is of the 
greatest importance. Few areas in the world fit this description 
better than the San Andreas-Baja California region. Even 
though the effects of earth tides are small for the Earth as a 
whole, they are concentrated in just those regions of our 
planet which are most likely to be triggered into more violent 
activity. 

THE NATURE OF EARTH TIDES 

But perhaps we are racing ahead too fast in our pursuit of 
the ultimate cause of the earthquakes so typical of California. 
What exactly are these earth tides, and how do geophysicists 
set about measuring them? The force of gravity acts upon 
every piece of the Earth, pulling it towards the centre, but the 
solid part of the Earth exerts an outward hydrostatic force 
which partly cancels out the force of gravity. However, the 
direction of the downward force of gravity is not quite the 
same as the outward pressure. There remains a small residual 
force which creates horizontal displacements along the Earth’s 
surface; it is this tidal force that causes the familiar masses 
of water to surge around the Earth. The exact size and 
direction of the force we feel on our bodies depends on 
whereabouts we are on the Earth-we would weigh slightly 
more at the poles than at the equator. The story is further 
complicated by the pull of the Sun and the Moon. On its 
own the spinning Earth would rapidly settle down as a more 
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or less uniform sphere rather fatter around the equator than 
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around a circle passing through both poles. But because the 
pull of the Sun and the Moon depends on their exact dis¬ 
tances from the Earth, and these distances vary, each particle 
in the solid part of the Earth (and for that matter, in the 
Sun and the Moon as well) feels a varying total force which 
is at any instant the sum of gravity pull of the Earth, the 
Moon and the Sun, and the hydrostatic force plus the centri¬ 
petal force of the spinning Earth. So the whole Earth is con¬ 
stantly flexing in an attempt to adjust to the changing balance 
of forces. Earth tides and oceanic tides are usually divided 
into daily (diurnal), half-daily (semi-diurnal) and longer 
period tides. Irregular tides caused by shifts in air masses 
cannot be so neatly classified, as they have no fixed pattern 
of motion. 

Geophysicists use sensitive instruments to measure the 
deviation of local ‘gravity* at different points from a geo¬ 
metrical straight line to the centre of the Earth, and they 
also monitor the changing strength of the force. Tiltmeters, 
gravity-tide meters and strain meters are among the battery 
of instruments used in these studies. Just as astronomers 
divide Universal Time up into different components which 
represent different features of the Earth’s changing spin, so 
geophysicists divide the force of gravity, represented by g, 
up into different components. g 1 is the force which an object 
would feel on the surface of a completely rigid undeformable 
Earth; g 2 represents the effects felt on a completely sym¬ 
metrical and oceanless but otherwise realistic Earth; g s is the 
varying contribution produced by the moving oceans and 
tides; and g 4 is a ‘grab bag’ into which all other effects are 
put-for example, local effects caused by the elasticity of 
rocks in a particular area, and whether or not nearby dense 
ore deposits are present. These geophysical instruments 
measure local irregularities and changes caused by the chang¬ 
ing tidal forces just as measures of AT - UT monitor changes 
in the Earth’s spin rate. Changes in the stress caused by tides 
should be traceable across whole continents, but they are not 
at present because of a lack of geophysical stations. This kind 
of wave of stress within the Earth is the sort of process which 
We expect to unleash the locked regions of the San Andreas 
fault once strain in the fault is built up to a critical value. 
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EARTH TIDES, HEAT FLOW AND PLATE TECTONICS 

So tidal forces introduce a number of irregular and cyclical 
stresses in the Earth. These stresses are small compared with 
the tectonic forces which shape the ever-changing face of the 
globe, but some are periodic, and they are rapid. Further, Dr 
Herbert Shaw of the United States Geological Survey has 
recently shown that the power of earth tides concentrates 
along the ocean ridges, where new seafloor is created, and at 
the plate boundaries, where the pieces, of the great worldwide 
jigsaw puzzle jostle against one another. The tidal energy 
can be converted into heat and volcanic activity in these 
regions (see figure 1, page 18) where sideways (lateral) motions 
produce shear zones and pieces of the Earth’s crust rub 
together as the wave of tidally-induced stress passes. The San 
Andreas fault system described in chapters 1 and 2 is an ideal 
example of a region where these effects come into play. 

Earthquake activity is a powerful process for dissipating 
mechanical energy from earth tides and other causes of strain. 
Periodic changes in stress caused by lunar or solar tides, or 
sudden, irregular changes in the rotation rate of the Earth 
due to solar activity and the large-scale movements of air 
masses, can generate this strain which is then dissipated in 
the margins of tectonic plates. These effects do not drive the 
earthquakes - indeed, the energy involved in these particular 
strains represents only a small percentage of the flow of heat 
from the Earth’s interior which maintains the seafloor spread¬ 
ing. But the concentration of oceanic tidal dissipation in a 
few shallow seas shows how the dissipation involved in earth 
tides could concentrate the worldwide tidal energy in a few 
favoured locations - the regions we know to be plate margins. 
In the west of North America, as we have seen, the continent 
has overridden a "mid-ocean’ ridge. So the activity of the 
region is in many ways like the tectonic activity of ocean 
ridges-a combination of slip-stick motion and the remnant 
of the heat source rifting Baja California by thermal con¬ 
vection. This is an ideal system for the concentration of dis¬ 
sipative tidal forces. 

MOONQUAKES TRIGGERED BY TIDES 

Perhaps the best evidence of the way which quakes can be 
triggered by earth tides comes from the Moon. There, where 
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there is no atmosphere and no oceans, the only tides are the 
solid tides induced by the Earth and the Sun. Now that the 
Apollo missions have established a chain of automatic seismic 
stations across the Moon, moonquake activity can be moni¬ 
tored continuously. This monitoring shows clearly that most 
moonquakes occur at perigee and apogee, when the strain 
associated with solid tides caused by the Earth’s gravity is 
greatest. 

In a recent report prepared for nasa by Dr G. Lathan 
and colleagues, the evidence is gathered to show how, around 
the time of perigee, 80 per cent of the moonquake activity 
occurs in a zone 800 km. below the Moon’s surface, consistent 
with the idea that internal strain is being released. There is 
some evidence that similar tidal stresses trigger earthquakes 
-but of course the Earth is so large relative to the Moon 
that the effect of the Moon on earthquakes is much harder 
to detect than the effect of the Earth on moonquakes, since 
quakes on the Moon and Earth differ by a factor of 10 13 in 
energy release. Careful statistical analysis of large masses of 
earthquake data shows that the effect does occur but it is not 
of overwhelming importance in itself. What is of the greatest 
importance, however, is that this work provides firm con¬ 
firmation that earthquakes can be triggered by events occur¬ 
ring outside the Earth. If the small, regular earth tides caused 
by the Moon’s gravity can, by concentrating dissipative energy 
at plate margins, act to trigger earthquakes, then there can 
be little doubt that events large enough to produce sudden, 
marked changes in the Earth’s spin will do the same on a 
larger scale. The possibility of this type of seismic activity 
on the Earth being triggered by tidal stresses has not been 
ignored; indeed there exists direct evidence of tidal triggering 
in a volcanic region in Alaska, in the Galapagos and in other 
seismically active regions in the USA and USSR. 

Nevada earthquakes 

It has taken a geophysicist from the Azerbaidzhan Republic 
in the USSR, Dr G. P. Tamrazyan, to develop the proper 
statistical tools to show that earthquakes are related to tidal 
Phenomena. Since moonquakes are related to maximum stress, 
it seemed reasonable to use the exactly known periods of 
lunar and solar motion to ‘tune’ into a large compilation of 
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earthquake data to look for unusual patterns. This ‘hetero- 
dynning’ technique is useful for rooting out information (for 
example whether earthquakes are triggered preferentially at 
perigee and new or full Moon) from the ‘noise’ that random 
changes in stress patterns, geology and so on can make in 
different seismic regions. Tamrazyan has shown when earth¬ 
quakes were linked to lunar phase (that is the tidal influence 
of the Moon) and to eccentricities in the lunar orbit, a re¬ 
markable change occurs in the statistics. Within a few days 
after the Moon’s passage through perigee the number of 
earthquakes in Nevada increased by 800 per cent. 

VOLCANIC SEISMICITY IN THE GALAPAGOS 

An even more dramatic and direct proof of the power of the 
tides to trigger earthquakes was made recently by Dr T, 
Simkin of the Museum of Natural History in Washington, 
DC. Dr Simkin and others went to the Galapagos Islands in 
1968 to study volcanoes in this area associated with tectonic 
plates. He was extremely fortunate to witness a rare geologic 
event in the collapse of a large volcanic caldera. Early in the 
sequence of eruptions the earthquakes associated with the 
collapse of the caldera showed a six-hour period. As can be 
seen in figure 12, earthquakes coincided with extrema in the 
semi-diurnal type of earth tides actually measured on the 
Galapagos. Indeed, for the first period of forty-two hours 
earthquakes occurred only at each and every extremum of 
the local ocean tide. Also shown in figure 12 is a fortnightly 
tidal maximum which occurred on the night of 11 June 1968; 
at the exact time when a large explosive eruption began the 
caldera collapse, the Moon was at perigee and the solar tidal 
force was at its maximum. 

Dr Simkin found that the release of seismic energy occurred 
when the volcano was under maximum horizontal tension 
and vertical compression from the tidal forces of the Sun 
and Moon. These tidal forces may act to release energy by 
forcing fluids (either water or magma) through the pores of 
the rocks under stress, thus seriously reducing their strength. 
(We have seen in chapter 4 that when water was poured into 
oil wells numerous earthquakes resulted.) At shallow depths 
it may be that variable artesian pressure acts to weaken rocks 
under stress, while deep-focus earthquakes may be triggered 
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off by variable tidal forces pumping the liquid magma into the 
heated rocks. 

We have already seen in chapter 5 the maxima in the 
number of aurorae in the sunspot cycle and the mean length 
of day are linked by irregular movements of the atmosphere. 
It also seems likely that one can also relate solar activity to 
the triggering of earthquakes by irregular earth tides. These 
conditions, however, are also fulfilled by lunar and solar 
gravitational forces; which type of tidal force predominates 
at any given time to trigger earthquakes depends on a number 
of unknown and probably unknowable circumstances. As 
R. A. Corrandini and N. N. Parryski and other Russian geo¬ 
physicists have pointed out, one must consider more than 
the gravitational component of the earth tides. More import- 



Days, June 1968 

Figure 12 . This graph shows the correlation of earthquakes with 
the phase of the ocean and earth tides during the period 11-17 
June 1968. The solid line represents the high and low ocean tide 
recorded at Baltra Island in the Galapagos. The scale is given on 
the left in metres with respect to mean low water. The dashed 
line represents the radial component of the earth tide computed 
for the Galapagos at the approximate time. The scale of this 
bodily tide, given on the right ordinate, is in tens of centimetres 
of water above an equilibrium level of an ideal, rigid Earth. The 
arrows mark the time of occurrence of earthquakes. The length 
of these arrows indicates the strength of the earthquake (scale on 
the lower left). 
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ant may be the several tangential components which depend 
very strongly on the orientation of a fault in a region. In 
general, the extremes in the tangential tidal components do 
not occur at the time of the extremes of the gravitational 
component. Thus several studies of tides and earthquakes 
have tried to cover too large an area. Since tides are time 
dependent and periodic in nature, considerations of large 
regions have averaging effects on their variation, possibly 
masking the real effects and giving statistics that show no 
significance of relationships between tides and earthquakes. 
It is clear that both Challinor and Tamrazyan have related 
earthquakes to different sorts of tidal energies, both of which 
are dissipated in the margins of the tectonic plates. We shall 
now go on to show how specific changes in the Earth’s 
rotation can be related to very large bursts of particles and 
radiation from the Sun, 



7. How Solar Flares and Cosmic Rays 
Affect the Earth’s Spin 


In 1956 the average length of day was one millisecond greater 
than twenty-four hours; in 1971, fifteen years later, the 
average length of day was twenty-four hours and three milli¬ 
seconds. But within both of those years - and all the years in 
between-the Earth’s spin was both accelerated and deceler¬ 
ated by the many variations discussed earlier. Just like crash¬ 
ing in a car or plane, it is the suddenness of the acceleration 
(or deceleration) in the Earth’s spin which is likely to do the 
damage as far as the Earth’s spin and consequent tidal forces 
triggering earthquakes is concerned. In the early 1950s some 
astronomers suggested that there seemed to be a sudden 
change in the acceleration of the Earth’s spin roughly every 
ten years or so. Could this be tied to the familiar solar sun¬ 
spot cycle, which has a period close to eleven years? 

Challinor has compared the annual mean rate of change 
of the length of day with the annual mean number of sunspots 
and with the occurrence of earthquakes greater than mag¬ 
nitude 7.5 for the years from 1957 to 1968-one complete 
sunspot cycle. He found a very clear suggestion of a relation¬ 
ship between the changing length of day and the sunspot 
number (see figure 13). Quite simply, changes in the Sun’s 
activity (shown by changes in the numbers of sunspots) are 
related to the Earth’s spin. Challinor also notes a ‘slight cor¬ 
relation’ between the rate of general earthquake activity- 
that is, the number of large earthquakes occurring in a year 
- and the annual change in length of day. He is very doubtful 
about the reality of all these possible links, partly because, 
as he puts it, ‘to surmise that all of these exist , . . would, 
among other things, suggest a relationship between earth¬ 
quakes and solar activity’. But that is just the sort of relation¬ 
ship that we are looking for. 

Many studies have looked for links in the sense that the 
earthquake activity might cause wobble in the Earth’s axis, 
but it would be ridiculous to suggest that a further link could 



Milliseconds Milliseconds „ Seconds 


1-0 


AT—m2—0*00175 (d -1959*0) 


0*5 


0*5 


0*2 


100 


Annual mean length of day (in excess of 24 hours) 



0 . 5 L Annual change In length of day 



200h Annual mean sunspot number 



Earthquakes >magnitude 7-5 
1111 mi null 1 11 11 11 


1956 57 58 59 60 61 62 63 64 65 66 67 68 69 

Y. 


Solar Flares and Cosmic Rays Affect the Earth*s Spin 81 

be built in that direction and that such changes in the Earth 
might affect the Sun. Surely, though, in the opposite direction, 
the links between the Earth and the Sun are not only possible 
but probable. Solar influence on atmospheric circulation is 
inevitable and the atmosphere can, it seems, affect both the 
Earth’s spin and possibly the incidence of earthquakes. Sea¬ 
sonal heating of the atmosphere clearly accounts for some 
of these changes, but the Earth receives much more from 
the Sim than just heat and light. The solar wind and the inter¬ 
planetary magnetic field of the Solar System provide further 
links between the Sun’s activity and the spin of the Earth. 
The trail we are following begins to look very warm indeed. 

If the average changes in the eleven-year sunspot cycle 
cause gradual changes in the rate at which the length of day 
is changing, might not sudden, unusual sunspot activity pro¬ 
duce instantaneous effect on the Earth? In 1959 a great and 
unusual 'storm’ occurred on the Sun when, on 15 July, there 
was a very large solar flare. There was advanced a claim (dis¬ 
missed at that time by most people) concerning a sudden, 
corresponding change in the rotation of the Earth. Unfor¬ 
tunately 1959 was a little too early for this gigantic flare to 
be monitored by the new generation of space vehicles which 
now operate above the Earth’s atmosphere, which screens out 
so many of the effects of the Sun’s activity. In 1972, however, 
astronomers were more fortunate when an even greater flare 
occurred on the Sun. This time a whole battery of space 
equipment was available with which this dramatic event could 
be studied. 

the great SOLAR FLARES OF JULY 1959 AND AUGUST 1972 
Activity on the Sun is measured by the number of sunspots 
visible on the solar disc. These complex sunspot groups show 
alternate cycles of activity and relative calm within a period 
of about eleven years. The sunspot groups themselves are 
caused by, and outline the region of influence of, areas on 
the Sun in which the solar magnetic field is unusually strong 
-as much as several thousand gauss. (The Earth’s magnetic 

Figure 13 (opposite). Comparison of annual mean rate of change 
of length of day with annual mean number of sunspots and with 
earthquakes greater than magnitude 7.5. 
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field, by comparison, is about 0.6 gauss at the magnetic poles 
and 0.3 gauss at the equator; 1 gauss=10 - 4 tesla.) Solar flares, 
which can produce dramatic effects in the polar regions of the 
Earth, occur within sunspot groups and produce floods of 
solar cosmic ray particles, radio waves. X-rays and brilliant 
white light. Just how the particles are emitted is not under¬ 
stood, but they emerge from the Sun at relativistic velocities, 
that is, velocities very close to the speed of light, so that their 
mass increases due to the effects which are explained by 
Einstein’s special theory of relativity. 

Early August 1972 witnessed two of the greatest solar flares 
ever. Only in July 1959 has anything similar been recorded, 
and that flare in turn occurred at a time when the overall 
activity of the Sun was more pronounced than at any time 
since 1610, when Galileo first recorded the existence of, sun¬ 
spots. The great 1972 solar flare is even more remarkable 
since it occurred at a time when the Sun was, on the whole, 
unusually quiet. It came almost literally ‘out of the blue’, 
and was totally unexpected by astronomers. Of the many 
spacecraft that were in orbit in the summer of 1972, some, 
like Pioneer 10, were on long missions to the depths of space, 
while others were performing routine observations of the 
Sun and space near the Earth. OSO-7, for example, carried 
instruments which operate at the frequencies of gamma rays, 
which are extremely energetic bursts of electromagnetic 
radiation. Both satellites recorded the two August flares, and 
the observed radiation bore the characteristic spectral signature 
of elements such as carbon and oxygen - elements already 
known to exist in the Sun, but observed for the first time at 
gamma ray frequencies. But we shall not dwell on these 
facts since 1 we are particularly interested in the changes in 
the solar wind, which in turn can affect conditions on Earth. 

Interplanetary space is filled by a plasma-a gas in which 
electrons have been stripped off the atoms, leaving charged 
ions-which moves outwards from the Sun with an average 
motion of about 400 km. per second. Because the plasma 
is made up of charged particles it is a very strong conductor 
of solar elasticity and magnetism. The solar lines of magnetic 
force are stretched outward, like elastic bands, as the solar 
wind blows away from the Sun. Cosmic rays from outside 
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the Solar System are also electrically charged, and when they 
run into this stretched solar magnetic field a lot of them fail 
to penetrate into the Solar System. When the great solar 
flares occurred, the speed of the solar wind jumped more 
than twice its normal speed, some 1100 km. per second. Such 
an increase in speed also increased the effectiveness of the 
interaction between the plasma and the Sun’s magnetic fields; 
and it produced an increase in the screening effect of the 
solar plasma against the background cosmic rays from outside 
the Solar System. Indeed, cosmic ray physicists find that 
ordinary solar flares and the associated increases in the solar 
wind sharply decrease the level of the background cosmic 
rays arriving at Earth from outside the Solar System. These 
rapid changes in the cosmic ray level are named Forbush 
decreases after their discoverer, and are usually followed by 
a more gradual return to a normal level of cosmic rays back¬ 
ground. The event of August 1972 is different from this typical 
pattern of behaviour only in the degree of intensity of the 
effect 

The magnetic field pulled out from the Sun by the solar 
wind jumped by a factor of two when the rapidly moving 
plasma from the great August flare reached the satellite 
HEOS-2, in orbit around the Earth. This doubling of the 
magnetic field took it up to more than ten times the normal 
value recorded by HEOS-2 when the Sun is completely quiet, 
which is about sixty millionths of a gauss. The satellite 
Pioneer 10, on its lonely voyage to Jupiter and by then 3£ 
times as far from the Sun as the Earth was, recorded this 
very noticeable jump in the solar wind speed and in magnetic 
field intensity. And at the same time, in the first of a series 
of Forbush decreases, the cosmic ray intensity near the Earth 
dropped to half the value it had before the storm. 

During the July 1959 event the cosmic ray level measured 
at a polar station seven days after the flare, and after three 
Forbush decreases and three partial recoveries, was three- 
quarters of the level before the storm. In August 1972, how¬ 
ever, the cosmic ray storm from out of the blue produced 
a slightly larger relative drop, by 27 per cent of the pre-storm 
intensity of cosmic rays after the first two Forbush decreases. 
And this, remember, when the Sun was supposedly in a "quiet 9 
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period: in addition to the Forbush decreases, the cosmic ray 
intensity showed sharp increases - called Ground Level Events 
(GLEs) because they can be detected from the ground- 
which signal the arrival of the relativistic particles from the 
flares at the Earth. In figure 14 the observations made at a 
mid-latitude station during the 1972 flares are recorded 
graphically. The first Forbush decrease (FD1) is followed by 
a second decrease (FD2), a recovery and Ground Level Event, 
and by a third decrease. The later events are less spectacular, 
but show the continuing activity of the Sun associated with 
the second flare on 7 August. 

The measurements made at the South Pole are very slightly 
more impressive than similar measurements made at other 
stations around the world. At 0130 (Universal Time) on 5 



August, 1972 

Figure 14 . Observations of cosmic rays measured at a mid-latitude 
station on Earth during August, 1972. The pattern of Forbush 
decreases associated with the record-breaking solar activity can be 
clearly seen. 
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August, for instance, the intensity relative to the intensity 
before the storm was 72.5 per cent at Thule, 76.3 per cent at 
Swarthmore, 73.2 per cent at McMurdo Sound, and 66.8 per 
cent at the South Pole. The other three stations recorded 
much the same level of activity because they are all at sea 
level, beneath the same thick blanket of air, while South Pole 
Base is situated at an altitude of 3000 m., the height of the 
Antarctic plateau above sea level, and is much more thinly 
protected. Thule is in Greenland, Swarthmore in the equatorial 
regions, and McMurdo, like the South Pole, in Antarctica. 
So the truly worldwide significance of such cosmic ray storms 
can be seen easily in this example. 

EFFECT OF INTERPLANETARY PROCESSES ON THE LENGTH OF DAY 

With all the data available from space probes about the great 
solar flare of 1972, there is much clear, sound, scientific 
evidence about how such flares interacted with the Earth’s 
magnetosphere. The science of space physics is far too young, 
of course, for anyone to be able to pinpoint exactly which 
solar processes will produce certain effects on the spin of the 
Earth and the changing length of day. But it does now seem 
that Dr A. Danjon, of the Paris Observatory, might have 
been treated a little harshly when the scientific community 
dismissed, because of lack of evidence, his claim that the 
similar great solar flare of 1959 produced a sudden change 
in the length of day on Earth. Perhaps this is the time to 
rehabilitate some of Danjon’s ideas, in the form in which 
they were elaborated by Dr E. Schatzman in the mid-1960s. 

Although the Sun emits cosmic rays, particularly during 
flares or at times of great sunspot activity, these are by no 
means the only energetic charged particles to reach the Earth 
from space. Many cosmic ray particles are produced else¬ 
where in our Galaxy, perhaps in the peculiar pulsating radio 
sources (pulsars) which have intrigued astronomers during 
the past few 'years, and it is even possible that some cosmic 
rays come from the distant regions of the Universe beyond 
our Galaxy. Whatever their origin, these particles flow con¬ 
tinuously into our small Solar System, located in the outer 
regions of a rather insignificant galaxy which occupies no 
special position in the Universe. Paradoxically, when the Sun 



86 The Jupiter Effect 

a 

is active and pours great quantities of charged particles into 
interplanetary space, we see fewer cosmic rays on Earth ~ 
in other words, a Forbush decrease - because the enhanced 
solar wind acts as a shield against the cosmic rays from out¬ 
side our Solar System. However, the cosmic ray astronomers 
term a sudden decrease in the number of cosmic rays reach¬ 
ing the surface of the Earth a ‘storm*, where in everyday 
terms it would be more appropriately called a lull. If the 
Sun’s activity does affect the length of day, then surely it 
must be through the agency of the solar wind and the various 
effects of solar cosmic rays. 

Now, Danj on’s study of the events associated with the 
solar flare of 1959 was not just a few limited observations 
inspired by that remarkable event. He had been investigating 
possible relationships between the length of day and the 
cosmic ray activity seen on Earth for years before the 1959 
disturbance came along, and he continued these studies for 
years afterwards. We saw earlier how Challinor related the 
length of day to sunspot number (see figure 13, page 80). 
When Danjon related the length of day to the flux of cosmic 
rays seen at the surface of the Earth, he was really doing 
exactly the same thing. We know from the cosmic ray and 
magnetic field detectors on board space vehicles that when 
there are more sunspots, there are less cosmic rays seen on 
Earth. In figure 15 the changing length of day is compared 
with the flux of cosmic rays from outside the Solar System 
reaching the Earth. The change in the length of day is cal¬ 
culated from the difference between Atomic Time (AT) and 
Universal Time 2 (UT2, the version of Universal Time with 
the Chandler Wobble and seasonal variations removed), and 
the graphs cover a continuous period from September 1960 
to September 1961. This particular graph clearly shows the 
main effect which Danjon claimed to have discovered - that 
the length of day increases when there is a decrease in the 
number of cosmic rays reaching Earth; in other words, when 
the Sun is particularly active. In the graph we are recording 
the number of milliseconds by which UT2 lags behind AT, 
so a decrease in the difference simply means that UT2 is tem¬ 
porarily catching up with AT. 

Scientists are-usually quite rightly - unwilling to accept 
evidence like this until it can be related in some way to the 
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broad framework of their understanding of what makes the 
Universe tick. After ah, one set of observations like those of 
Danjon could be a coincidence; in the life of the Earth and 
the Sun the paltry two decades of observations of cosmic 
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Figure 15 . Variations of cosmic ray flux (lower curve) and the 
change in the length of day (upper curve) during 1960 and 1961. 

rays is too short a period from which to draw general con¬ 
clusions unless they can be embraced within a theoretical 
framework which explains many ‘coincidences’ of this kind. 
In addition to this understandable caution it must be said 
that scientists, like other people, are all too often afflicted 
with human prejudices. They are sometimes capable of dis¬ 
missing even the most reliable piece of evidence if it does not 
agree with their preconceived notions about what the world 
ought to be like. That is not to say that Danjon received an 
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unfair deal ten years ago; if all new ideas are attacked in a 
friendly fashion and picked over for flaws then we can be 

fairly sure that the cranky ideas fall by the wayside and only 

* 

good ideas, which better reflect the real nature of the world 
in some way, will stand up to the test of time. This is just 



Figure 16. (a) Change in length of day for a period of one month 
on either side of date of great solar flare activity of August, 1972. 
Arrow marks August 3, the last day before the flare activity. 
Large discontinuous change in AT—UT2 occurs on 8 August. 


what has happened to the idea that the Sun’s activity influences 
the length of day. 

After standing up to attack for so many years, the idea 
has reached a subtle stage of acceptance where most Earth 
and Solar System scientists no longer say that the evidence 
gathered is the result of inaccurate observations and coin¬ 
cidences, but instead conjecture, T wonder how such an inter¬ 
action could work?’ It is this sort of enquiry which led 
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Schatzman to turn up interesting historical evidence for a 
relationship which seems to be of such great importance to 
the stability of the Earth. For although cosmic rays have 
been detected only relatively recently, astronomers have been 



Figure 16, (b) May to October, 1972. The change in slope after the 
time of the great solar activity, and subsequent return towards the 
preflare slope, emphasize the importance of the event. 


observing phenomena in the heavens with naked eye and 
telescope for centuries. How would these observations have 
been affected by solar activity and cosmic ray ‘storms’? And 
can any such historical effect be related to changes in the 
length of day? 

In this case the obvious thing to do, after Danjon reported 
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the effect on the Earth’s spin of the 1959 solar flare, was to 
wait for another such flare and look for a similar effect. We 
have been very lucky; although the 1959 flare was the largest 
for 350 years, there has already been an even more remark¬ 
able event, the great flare of August 1972 discussed earlier 
(pages 81-2). Was there another sudden change in the length 
of day? We can certainly find very suggestive evidence in the 
form of measurements made by the United States Naval 
Observatory Time Service. Figure 16 shows the change in the 
Earth’s spin, in the form of AT - UT2, for a six-month period 
from May to October 1972. The solar flare reached its peak 
on 4 August; the arrow in the figure marks 3 August. Just 
after this there was a sudden jump in the record of AT - UT2 
and the slope of the graph changed, only to return slowly 
to the usual pattern after a few days. This is quite remark¬ 
able confirmation of Danjon’s ideas and Schatzman’s develop¬ 
ment of these ideas to explain how the Sun can influence the 
Earth through the interaction of the solar wind of cosmic 
rays with the upper atmosphere, influencing weather and 
atmospheric circulation patterns which in turn provide a jolt 
to the spinning Earth. 

What of sudden increases in the length of day, the sort 
we are looking for to trigger the San Andreas fault? After 
all this time we will probably never know for sure whether 
Danjon incorrectly measured the changing spin of the Earth 
at the time of the great solar flare of July 1959 or whether 
he was correct and that it was his detractors who slipped up. 
The jump, if it was real, was less than one millisecond in the 
length of day. From our point of view it is also interesting 
that there was an above average incidence of small earth¬ 
quakes (microseismic activity) just after the July 1959 solar 
event. On balance Danjon is aided by an impressive weight 
of circumstantial evidence in his favour. We are not con¬ 
cerned with proving a case in a court of law, but in working 
out an early warning system for great earthquakes (remem¬ 
ber?); let us leave it that there is a strong case that unusual 
solar activity causes increased seismic activity by changing 
the Earth’s rate of spin (or by triggering conditions which 
encourage these changes) and that there may have been such 
a sudden change at the time of the great solar flares of July 
1959 and August 1972, 



8. The Physical Links Between the Sun 
and the Earth 


It is difficult to find a way in which the electromagnetic field 
of the Earth and the solar cosmic ray particles of the solar 
wind can interact directly to produce changes in the length 
of day. The Earth’s magnetic field is generated in its liquid 
core, and it seems common sense that changes in the Earth’s 
spin will be caused by the effect of charged particles from 
the Sun on the magnetic field of the Earth and hence on the 
core of the Earth. Evidence for this, however, is hard to find. 

THE EARTH’S MAGNETIC FIELD AND LIQUID CORE 

First of all, how does the liquid core interact through the 
mantle with the solid outer crust of the Earth? Below the 
thin outer crust, the mantle comprises 80 per cent of the 
Earth; it is highly unlikely that the part of the Earth inside 
the mantle is an exactly spherical cavity filled by some fluid 
which obeys the known viscosity equations exactly-but that 
situation is, unfortunately, about the only one concerning 
which any accurate behavioural predictions could be made. 
Still, some attempts have been made to get a handle on the 
problem. One possible system is provided by irregularities on 
the bottom of the solid outer layers; these upside-down 
mountains would drag through the sticky underlying fluid. 
However, seismic techniques cannot tell us a great deal about 
the roughness of the underside of the crust, and we do not 
know just how sticky (viscous) the interior fluid is. Estimates 
of the viscosity differ from one another by a factor of more 
than ten thousand million in extreme cases, which hardly 
makes them of any practical use. The same sort of problems 
crop up when anyone tries to estimate how the friction be¬ 
tween the smoother parts of the Earth’s crust and the viscous 
core fluid affects the spin of our planet; surely it will be 
affected, but the numbers which come out of any calculations 
are almost completely meaningless. 

A slightly more promising line of attack is the study of 
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electromagnetic coupling between the inner and outer parts 
of the Earth. The main magnetic field of the Earth - the geo¬ 
magnetic field-is just about the only feature of the liquid 
core which can be studied in detail. The lower layers of the 
crust are also conductors of electricity, and when an electrical 
conductor is in a varying magnetic field there is a force on 
the conductor - this is the same force which drives an electric 
motor. Once again, the properties of the real Earth do not 
seem to be designed to make calculations easy, for the geo¬ 
magnetic field is not exactly a uniform dipole field like that 
of a bar magnet; however it is still possible to get a fair idea 
of the degree to which the electrical currents induced in the 
conducting rocks of the crust will bind the core and crust 
together, since changes in the flow of electricity past the 
bottom of the crust will produce an effect on the crust itself. 

Because the core and the crust of the Earth are slightly 
different in shape, the gravitational forces which cause the 
polar motions discussed in chapter 5 are different for the two 
parts of the Earth system. Without any form of coupling 
between them there would develop very great differences 
between the rotational velocity of the outer parts of the core 
and the inner parts of the mantle. Thus the electromagnetic 
coupling probably plays a large part in ironing out differences 
which would tend to grow up over centuries or longer. Ele¬ 
mentary calculations seem to rule out the possibility that 
electromagnetic coupling can play a part in the Chandler 
Wobble, let alone still more rapid variations than this fourteen- 
month recurrent pattern in the Earth’s motion. As far as 
changes in the length of day are concerned, the electromagnetic 
coupling is good enough to account for about half a milli¬ 
second per decade but not quite enough to explain the most 
rapid fluctuations, unless geophysicists have calculated the 
electrical conductivity of the region just above the core in¬ 
correctly. That is possible, but it is even more probable that 
a combination of electromagnetic and viscous effects bind 
the two parts of the Earth together well enough for changes 
in the core at least to disturb the crust. Nevertheless we 


should look in this direction for an explanation of long-term 
irregular effects - not rapid fluctuations, which will be damped 


out all along the line by the ‘stretch’ of the geomagnetic field 


and by the viscosity of the core fluid. 
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THE SOLAR-MAGNETIC SECTOR STRUCTURE AND THE ATMOSPHERE 

Over several hundred years, and with the aid of historical 
records, it is possible to get some idea of the longer-period 
changes in the length of day, as was the case with al-Biruni’s 
measurements and records. And of course, one clear pointer 
to the activity of the Sun is provided by the auroral displays 
seen at high latitudes. (In passing, it is worth recalling how 
much of a mystery the link between sunspots and aurorae 
must have been before cosmic rays were discovered!) Accord¬ 
ing to Schatzman, the frequency of aurorae observed at 
latitudes south of 55°N in the northern hemisphere can be 
related to the average decrease in the length of day, from 
historical records going back to the turn of the seventeenth 
century. This remarkable piece of historical detective work 
can be linked to the other discoveries - more very large 
aurorae means more sunspots, and if anyone had been observ¬ 
ing cosmic rays 200 years ago they would have found a 
corresponding decrease in the flux from outside our Solar 
System, as measured on Earth, at the time of bright aurorae. 

The various pieces of evidence that the overall seismicity 
of the Earth is related to the solar activity perhaps falls into 
the same sort of category - sunspots need not cause earth¬ 
quakes, but the processes which produce sunspots and solar 
flares may be linked to other processes which encourage 
earthquakes in the margins of the tectonic plates. Some steps 
in this process will take longer than others. The Sun seems 
to extend its influence out to the upper reaches of the Earth’s 
atmosphere within hours; weather patterns are affected over 
periods of days following the arrival of the solar cosmic rays 
at the magnetosphere; and small-scale seismic activity may 
be enhanced for weeks as the atmosphere adjusts to a new 
balance of forces. How long will it take for the atmosphere 
to adjust to the effects of a great solar flare? And how long 
will it take for the solid Earth to react to large-scale changes 
in the atmospheric circulation? The interplanetary medium 
between the Earth and the Sun is dominated by a magnetic 
sector pattern which co-rotates with the Sun every twenty- 
seven days (see figure 17). One can envisage this phenomenon 
of an interplanetary magnetic and particle field shaped in an 
Archimedian spiral or as the co-rotating grooves of a phono¬ 
graph record. The needle slides along the grooves and moves 
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Figure 17. The plus signs (away from the Sun) and minus signs 
(towards the Sun) at the circumference of the figure indicate the 
direction of the measured interplanetary magnetic field during 
successive hour intervals. Parentheses around a plus or a minus 
sign indicate a time during which the field duration has moved 
beyond the ‘allowed regions’ for a few hours in a smooth and 
continuous manner. The inner portion of the figure is a schematic 
representation of a sector structure of the interplanetary magnetic 
field that is suggested by these observations. The deviations about 
the average streaming angle that are actually present are not shown, 
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nearly radially outward. The spiral interplanetary magnetic 
field is analogous to the grooves and the plasma sliding along 
the field lines is analogous to the phonograph needle. How¬ 
ever, in the record the grooves control the motion of the 
needle, while in the interplanetary medium the solar wind 
plasma is a hundred times stronger than the normal inter¬ 
planetary magnetic field, so it is the radial motion of the 
plasma that stretches out the interplanetary field. 

The solar wind speed and geomagnetic activity tend to rise 
to a peak in the preceding positive portion of the sector 
boundary and decline in the following negative portion. The 
cosmic rays, which initiate aurorae, seem to flow outward 
on one part of the sector boundary and inward on the other 
(see figure 17). As this sector pattern rotates past the Earth, 
profound changes are observed in geomagnetic activity and 
the radiation belts. This increase in particle density near 
sector boundaries and the decline in the following portion 
correlates remarkably with certain weather phenomena. 

Drs John Wilcox and Walter Roberts at the National 
Center for Atmospheric Research in Boulder, Colorado, 
have shown that the solar magnetic sector structure appears 
to be related to the average area of low-pressure troughs 
observed in the winter of the northern hemisphere. The 
sectors have a width of 90 degrees in solar longitude, and 
although the boundaries of positive-negative polarity are very 
narrow the atmosphere begins to respond about two days 
before the sector boundary reaches the Earth. The physical 
mechanism initiating these changes is not made clear in their 
analysis; a clue may be found in the fact that there is a 
build-up of solar wind velocity and solar density on either 
side of the magnetic sector boundary (see figure 17). 

So we are left with only one firm candidate as an inter¬ 
mediate stage in the transmission of sudden solar effects to 
the solid part of the Earth, namely, the atmosphere. Ridicu¬ 
lous though it might have seemed without the weight of 
evidence we have gathered, solar flares definitely cause a 
deepening of low-pressure troughs-the Sun’s activity causes 
extra-bad weather. There is certainly enough energy locked 

4 

Up in the atmosphere to drive variations in the Earth’s spin 
(see chapter 6). Indeed it is from just this source that the 
energy which drives the seasonal variations comes. The atmo- 
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sphere can play a key role In changing the length of day 
because it is on the outside of the spinning Earth, where 
angular momentum plays its biggest role. Effects which would 
be of little account in the core (spinning at the centre of the 
Earth) become significant in these outer layers. And although 
there is still not enough energy in the solar particles them¬ 
selves to change the Earth’s spin noticeably, they would heat 
the upper atmosphere where they spiral down on to the poles. 
This local heating would encourage troughs to develop by 
drawing upon potential energy in the global weather system. 
If this is correct we have a series of triggers, a cascade process, 
from the solar activity down to the seismic activity. The next 
question is, what triggers the sunspot activity? We shall look 
into that in the next chapter, but first we can tidy up the 
picture by looking at how other small influences in the atmo¬ 
sphere of our planet (the solar and lunar tidal forces) can 
affect the weather. 

CHANGES IN THE SOLAR CONSTANT AND THE WEATHER 

The possibility of variations in the solar "constant’- the 
amount of heat put out by the Sun - have often been invoked 
to explain some climatic changes. There have been many 
attempts to measure the solar constant (which climatologists 
prefer to call the solar ‘parameter’) from the Earth, but such 
data collected from within the atmosphere must be contamin¬ 
ated by fluctuations in the turbidity of the air; no truly extra¬ 
terrestrial study has yet been carried out, but high altitude 
balloon experiments have provided some interesting (and still 
controversial) results. One study of the solar parameter, by 
a Soviet group led by Kondratyev and Nikolsky, led to a 
suggestion that the parameter is related to sunspot number; 
this broadly agrees with a US study by Dr R. Abbot, and 
suggests that as the sunspot number increases from zero 
the solar flux first increases (reaching a maximum 2 per cent 
greater than the zero sunspot value) but that after middling 
values of sunspot number are reached further increases in 
solar activity produce a decrease in solar parameter, which 
reaches its zero sunspot value again at peak solar activity, like 
that of 1958-9. 

These ideas have been incorporated in a climate model 
developed by Drs S. Schneider and C. Mass, at the National 
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Center for Atmospheric Research in Boulder, Colorado. They 
have used sunspot records to introduce solar parameter varia¬ 
tions in line with the results of these experiments in modelling 
the climate of the past two hundred years or so, and their 
model also takes account of known volcanic activity over the 
same period, which plays a part by throwing dust into the 
atmosphere and scattering some of the electromagnetic radia¬ 
tion from the Sun. Using the guesstimate that a 1 per cent 
change in solar parameter corresponds to a change in mean 
surface temperature of about 0.65 °C, Schneider and Mass 
are able to reproduce any features of recent climatic change, 
such as the ‘Little Ice Age’ peaking between 1650 and 1700; 
the cool spell at the beginning of the nineteenth century; the 
warming in the early part of the twentieth century; and the 
turndown of temperature since the middle of the century. 
Real extraterrestrial measures of the solar parameter are 
urgently needed to confirm or refute the accuracy of their 
assumption about the link between temperature and sunspot 
number; at present, the balance of evidence seems to be in 
favour of a genuine and useful discovery pointing to further 
links between the Sun and the Earth. 

LUNAR AND SOLAR TIDAL INFLUENCE ON TERRESTRIAL WEATHER 

The regular oscillations of the atmosphere caused by the Sun 
and the Moon are called tides, even though they are partly 
attributable to the heating effect of the Sun. The atmospheric 
tides are numbered S lf S 2 and so on for the solar tides which 
repeat every 24, 12 and so on hours, and L 1} L 2 and so on for 
the equivalent lunar tides (the periods of these differ slightly 
from the solar tides because the Moon takes 24.87 hours to 
pass once around the Earth). The two periods of the Moon, 
24.87 hours and 29.53 days, represent the time taken for the 
Earth to rotate until the Moon is vertically above some refer¬ 
ence marker or observatory, and the time taken for the Moon 
to travel around the spinning Earth in its own orbit (from 
new Moon to new Moon). The first period differs slightly 
from twenty-four hours because by the time the Earth has 
rotated through 360 degrees, the Moon has moved on slightly 
in its own orbit. The S 2 tide dominates the pressure variations 
measured at the surface of the Earth, while the S 1 tide pro¬ 
duces a more erratic effect on barometers reaching about half 

J.E. D 
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the size of the S 2 effect. All the other solar tides and all of 
the lunar tides were, until a few years ago, regarded by 
meteorologists as too small to play a part in affecting the 
weather of our planet. 

There are a lot of unavoidable astronomical terms which 
creep into any discussion of the geometry of alignments of 
the Sun, Moon and planets; but they will be handy in the 
next chapter so this is a good time to get them sorted out. 
Syzygy is the time of either a new Moon or full Moon; it is 
particularly interesting because at both times the Sun, Moon 
and Earth are aligned, so that the Moon and Sun pull to* 
gether on the Earth. The synodic period of the Moon, from 
full to new, is 29.53 days, while the exact orbital time of the 
Moon, from perigee to perigee (the closest approach to 
Earth) is the anomalistic period of 27.55 days. This is not 
really anomalistic; it just differs from the synodic period 
because between new Moons the Earth travels a little way 
around the Sun and the Moon’s orbit adways seems to be 
catching up. The ecliptic is the plane in which the average 
movements of the Sun, Moon and planets lie. It seems to be 
tilted at 231 degrees to the equator because the Earth leans 
over by that amount as it wobbles around the Sun. 

Reports of correlations between the synodic period of the 
moon’s orbit (29.53 days) and precipitation on Earth are now 
beginning to receive attention. Glenn Brier, of the United 
States Weather Bureau, compiled an interesting study of 
the precipitation statistics during the 1960s. He had no prob¬ 
lem in trying to relate the tidal effects of precipitation by a 
chain of cause and effect, because so little is known about 
what causes precipitation anyway that the exercise would 
have been pointless. We are again wandering in the realms of 
the empirical scientist, where important discoveries often take 
on their first misty shape before being captured and codified 
into physical laws. So Brier has studied just the geometry of 
the situation - how the positions of the Sun and the Moon, 
seen from the Earth, can be related to rainfall. If that sounds 
like astrology, it is; astrology is based upon the same empirical 
framework of observational astronomy as is modern astron¬ 
omy. The difference is that we now understand at least the 
beginning of the way in which the positions of the planets 
can affect conditions far removed from them, for example by 
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gravity, and we will accept only the empirical evidence which 
stands up to searching examination. Mere coincidence is not 
enough. 

One of the first associations claimed between weather 
patterns and the Moon is a half-synodic period of 14.765 
days in precipitation variations in the United States. Brier 
has looked at how this kind of variation occurs, and he 
found that the effect is greater at times of syzygy when the 
Moon is either full or new within two days of perigee and 
two days of crossing the ecliptic. This sounds complicated 
but all it really means is that the influence of the Moon on 
precipitation can be noticed only when Sim, Moon and Earth 
are aligned almost perfectly. As they move out of this in-line 
position, the anomalistic and nodical cycles (the nodical cycle 
of 27.21 days is the time the Moon takes between successive 
north-to-south crossings of the ecliptic) get further and 
further out of step with the synodic cycles and the 14.765- 
day variation is smeared out. When conditions were ideal- 
on sixty-one occasions from 1900 to 1962-precipitation over 
the United States was 20 per cent greater in the two days 
after syzygy than in the two days before. 

Brier has also looked at daily variations. For the United 
States as a whole (excluding Hawaii), the most favourable 
times for precipitation on climatological grounds are 3 a.m. 
and 5 p.m. From sixty-three years of daily precipitation data 
it seems that maximum precipitation occurs on those days 
in the month when the Moon passes the zenith just before 
these times there is more precipitation than other days in 
the month. All in all. Brier believes that tidal forces, in parti¬ 
cular the L 2 tide, can trigger rainfall when all other conditions 
are favourable . The important factors are the distances to 
the Sun and the Moon, their alignment and their angles 
relative to the zenith (the point directly above an observer 
on Earth). All this tells us two things: small effects, ignored 
by meteorologists for years, can profoundly affect weather 
patterns on Earth; and planetary alignments, when conditions 
are favourable, can trigger surprisingly large effects since they 
can interact with a complex system which is already on the 
edge of stability. Now we are suitably armed to hunt the 
triggering influence on sunspot activity. 



9. The Solar Sunspot Cycle and 
Alignment of the Planets 


Several times now in our search for an earthquake trigger, 
we have encountered the influence of sunspots. Now we want 
to find what influence it is that activates sunspots to trigger 
earthquakes, and we should provide some details of what 
this influence might be. It seems that this is a good time to 
have a detailed look at exactly what sunspots are, and at the 
degrees of understanding astronomers have today about the 
peculiar eleven-year cycle of solar activity. 

THE NATURE OF SUNSPOTS 

Sunspots, as their name implies, are simply dark blotches or 
spots on the face of the Sun. These spots-there is usually 
at least one large spot and smaller flecks on the Sun at any 
time-can often be seen when the Sun is low down on the 
horizon and partly screened by a thin blanket of mist or fog. 
They were known to ancient Chinese, Japanese and Korean 
astronomers, and were reported by the Greek Theophratus 
in 300 bc But for 1900 years their existence was forgotten, 
and only in 1610 did Galileo rediscover sunspots when he 
invented the telescope. Galileo knew as well as we do that 
it would be extremely dangerous to look at the Sun directly 
through the focusing lenses of a telescope, and he devised 
the method of watching sunspots which is still the most widely 
used today. This method allows the image of the Sun’s disk 
to be projected on to a white card behind the eyepiece of 
the telescope, and the astronomer watches this image of the 
Sun rather than the Sun itself. 

The discovery made by Galileo caused consternation in 
the seventeenth century. At that time the Sun was regarded 
as a perfect body of pure fire, and it was almost heretical to 
suggest that this perfect body might be pitted with blemishes. 
Many people who observed the spots but were- less bold argued 
that they might really be small, dark objects in orbit around 
the Sun. But with the development of the scientific school of 
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thought this suggestion was soon dismissed for the half¬ 
hearted timid proposal that it was, and eventually the Sun, 
displaced from its position as a perfect fiery sphere burning 
at the centre of the universe, was known in its true colours 
as an insignificant, spotty little star in the backwaters of a 
rather ordinary galaxy. 

Even before astronomers had any inkling of what sunspots 
were, they used the spots to discover details of the Sun’s 
behaviour. Like the Earth, the Sun rotates on its axis, and 
the movement of sunspots from east to west (the same 
direction of rotation for all the planets orbiting the Sun) 
provides an indication of the speed of this rotation. Tracing 
the direction in which the spots move helps astronomers to 
locate the equator of the Sun, and it turns out that the Sun 
is tilted at an angle of about 7 degrees with respect to the 
plane of the Earth’s orbit. Also, because the Sun is a gaseous 
body it spins faster at the equator, where its May’ is twenty- 
five Earth days, than at the poles, where twenty-nine Earth 
days are required for the Sun to complete one revolution. 
The reason why sunspots are visible at all is that they are 
darker and cooler than the surrounding surface of the Sun. 
This darkness is deceptive, for even in a sunspot the amount 
of light radiated is 200,000 times more than we see reflected 
by the full Moon. 

This lower temperature of sunspots allows the negative 
electrons and positive ions which form the plasma, or hot 
gas, in the Sun to combine briefly into neutral atoms inside 
the spots. All atoms radiate light at certain discrete fre¬ 
quencies, or spectral lines, and variations in these spectral 
lines reveal a great deal to astronomers on Earth about the 
conditions inside the spot One of the most important dis¬ 
coveries is that the line spectrum from a sunspot contains 
features exactly equivalent to those seen in laboratory experi¬ 
ments when atoms are held in strong magnetic fields. Ob¬ 
viously, sunspots too are regions of strong magnetism - but 
immensely stronger than the Earth’s magnetic fields. The 
magnetic field in a sunspot reaches thousands of gauss but 
the Earth’s magnetic field is less than one gauss. 

Spectroscopic astronomy is even able to reveal whether 
a particular sunspot is associated with a south magnetic pole 
or a north magnetic pole. This magnetism follows a regular 
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pattern, and almost invariably sunspots are found in nearby 
pairs, one of each magnetic polarity almost like the poles of 
a bar magnet. In a given solar cycle the north magnetic pole 
will always orient to one side in the northern hemisphere of 
the Sun and to the other side of the solar southern hemi¬ 
sphere. When there are many spots in a group, the number 
of north and south magnetic poles cancel out in pairs. On 
occasions when one spot is seen by itself there is always a 
region of opposite magnetic polarity-an invisible spot- 
detectable nearby. 

Sunspots do not last for long, even in terms of the period 
of rotation of the Sun. Their patterns on the solar surface 
can change noticeably within a few hours; and only the 
largest sunspots with the strongest magnetic fields survive to 
be tracked during a complete revolution of the Sun. But 
although individual spots are short-lived, successive spots are 
formed according to a very clear-cut behaviour pattern, and 
it is this regularly changing pattern of behaviour which is 
known as the solar cycle. It is not simply that there are more 
spots on the Sun’s surface every eleven years or so; the exact 
positions of the spots relative to the equator and to one an¬ 
other also change in a regular way. 

THE SOLAR CYCLE OF SUNSPOT ACTIVITY 

After a few hundred years of regular observations of sun¬ 
spots, from the time of Galileo up to the nineteenth century, 
astronomers noticed a regular pattern. This cycle takes an 
average of eleven years, but can take as little as nine years 
or as much as sixteen years. At the beginning of any cycle 
a few sunspots form well away from the equator, at latitudes 
of around 30 degrees. In both northern and southern hemi¬ 
spheres the spot leading any pair (that is, to the west) is 
slightly nearer the equator. On average, the leaders of spot 
pairs in each northern solar hemisphere all have the same 
polarity, but the northern leaders are of opposite magnetic 
polarity to the southern leaders. Towards the peak of activity 
of a solar cycle more spots are formed, and these tend to be 
born closer and closer to the equator. By the end of the 
cycle many spots are being formed very close to the equator 
on either solar hemisphere. Then the activity stops and soon 
the eleven-year pattern of behaviour begins to repeat, with a 
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few spots being formed at latitudes of 30 degrees or so. But 
that is not quite the end of the story, because in the next 
cycle the polarity of the leaders in each hemisphere is the 
opposite of what it was in the previous cycle. Perhaps it is 
more accurate to say that the eleven-year solar cycles are 
really paired in twenty-two-year cycles. 

This is fine as far as it goes. Obviously there must be some 
very important, fundamental process underlying all this sun¬ 
spot activity, whose regular changes have been monitored for 
more than 350 years. But what is it? Astronomers simply do 
not know. Indeed, they do not know in detail just how the 
strong magnetic fields in sunspots are produced, although it 
seems fairly certain that they must be related to strong electric 
currents-ten million million amperes or more-flowing via 
the charged particles in the Sun’s atmosphere. In the study 
of sunspots, anyway, we are still very much back in the 
realms of empirical science, where we might be able to pre¬ 
dict what will happen next year by studying the patterns of 
behaviour of the past three centuries but where we can make 
no prediction based on an understanding of the physical laws 
which sunspots obey. 

VARIATIONS IN THE SOLAR CYCLE AND THEIR CAUSES 

Just as the length of the solar cycle varies about the average 
length of roughly eleven years, maximum amplitude of 
spottiness of the Sun varies in a seemingly irregular way. 
The spots have been likened to solar weather-a visible 
manifestation of powerful underlying forces-as terrestrial 
weather is the visible effect of global movements of air in 
response to the rotation of the Earth, the heating of the Sun, 
and other effects. We have seen in chapter 8 how periodic 
changes caused by tidal forces of the Sun and Moon affect 
weather on the Earth; so it would be no real surprise to find 
that the positions of the planets are associated with the 
changes in the intensity of the Sun’s sunspot "weather’. But 
there are so many planetary orbital periodicities to unravel, 
and the changes in the amplitude of solar cycle maximum are 
so complex, that it has taken the best part of a century for 
any kind of understanding to emerge of the complex inter¬ 
action of the whole Solar System. 
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MODERN OBSERVATIONS AND THEORIES 

Over the past four decades several things have combined to 
make for an improved empirical understanding of the re¬ 
lations between planetary alignments and sunspots. Forty 
years of new data is a considerable amount even considering 
the time it takes for the outer planets to travel once around 
the Sun-the ‘year’ of Jupiter is 11.86 terrestrial years, that 
of Saturn 29.5 years, Uranus orbits the Sun every 84.02 years, 
Neptune once in 164.8 years, and tiny Pluto, the outermost 
planet, once in 248 years. Electronic computers have made it 
much less tedious to work out the exact alignments of the 
planets at any time, working either forwards or backwards 
from their present positions. Although sunspots have been 
studied by many people more or less continuously since Galileo 
rediscovered them in 1610, it is only since the latter part of 
the nineteenth century that records of sunspot numbers have 
been available for every day of the year. Finally, astronomer- 
historians have now unearthed many early records of sunspot 
activity which can be compared with the computed planetary 
positions appropriate for the time when the records were 
made. In the late 1960s and early 1970s these many lines of 
attack began to yield important empirical evidence indicating 
how important the alignments of all the planets of the Solar 
System, and not just the Earth and Venus, are for the 
occurrence of sunspots. 

One line of approach emphasizes the theory that the varia¬ 
tion in the distances of the planets from the Sun must moder¬ 
ate the size of the effect they can have on sunspots. After all, 
if this is a tidal gravitational influence it will depend on the 
inverse of the cube of the distance from the Sun to each 
planet, as well as directly on the actual mass of the planet. 
We encountered these ideas earlier in chapter 6, while dis¬ 
cussing the tidal influence of the Sun and the Moon upon 
the Earth. However, we will now examine the details of this 
tidal influence on the Sun by Mercury and other planets. 
Mercury is one of the smallest planets, with a diameter of 
only some 4000 km. and mass less than one-tenth of that of 
the Earth. If it were at the same distance from the Sun as is 
the Earth, we might expect its gravitational influence to be 
ten times less; however, because Mercury is much less than 
half of the distance of the Earth from the Sun its gravitational 
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influence is many times more effective. Multiplying the two 
effects (size and distance) indicates that Mercury’s gravitational 
influence on the Sun is about the same as the Earth’s influence. 
In fact the effect can be greater still because Mercury has 
quite an elliptical orbit. At closest approach to the Sun (peri¬ 
helion) it is within 45.5 million km., compared with the Earth’s 
average distance from the Sun of 149.6 million km. (this 
Earth-Sun average distance is called the Astronomical Unit of 
distance, or AU). At aphelion, the furthest point of Mercury’s 
orbit from the Sun is 70 million km. 

The time taken for Mercury to travel once around the Sun 
is only eighty-eight days. Nevertheless, Mercury is the slowest 
moving planet relative to a point on the Sun’s rotating sur¬ 
face, and its contribution provides a small, high frequency 
effect superimposed on the action of the other planets. So 
in the short time of moving from aphelion to perihelion in 
forty-four days, one would expect a considerable change in 
the amount of Mercury’s influence on sunspots-if there is 
any such influence at all 1 The change in the tidal influence 
of Mercury on the Sun is 3 to 1 in that short time; but sun¬ 
spots take up to six weeks to form and move around the Sun 
(or rather, the Sun revolves every twenty-five days, carrying 
the spots embedded in its surface). Picking out any influence 
of Mercury on sunspots involves very careful mathematical 
analysis of the statistics, using a high-speed electronic com¬ 
puter to study observations made over many years. 

INFLUENCE OF THE PLANET MERCURY ON SUNSPOTS 

One such study of Mercury’s influence on the Sun was carried 
out in 1967 by Dr E. K. Bigg of Sydney, Australia. Dr Bigg 
realized that picking out a ‘Mercury effect’ from the many 
complexities of the variations of sunspot activity is similar 
to a problem commonly encountered by radio engineers, of 
having to detect a radio signal at a particular frequency from 
a background of other signals and radio noise. If the exact 
frequency of the radio signal which is being searched for is 
known, then it is possible to pick the signal out even when 
it is very weak and hidden in a great deal of background 
noise. The method radio engineers use in such a situation 
is first to narrow the expected frequency, then to filter out 
noise while narrowing the band of frequencies. The final test 
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(called a correlation technique) asks if the characteristics of 
the signal being received - notably its variation with time - 
are just those expected for the kind of signal which is known 
to be being transmitted. Dr Bigg has used the same step-by- 
step approach in studying the relation between Mercury’s 
orbit and the Sun and solar activity. 

By taking daily sunspot numbers between 1850 and 1960, 
Dr Bigg made a ‘spectrum’ containing information about 
many variations at many frequencies. The test frequency 
corresponds to the exact orbital period of Mercury around 
the Sun (87.969 days) so the ‘spectrum’ was first divided into 
equal lengths of exactly this period. Dr Bigg divided each 
87.969-day portion of the ‘spectrum’ into 100 equal parts and 
used a computer to compare the number of sunspots which 
occurred during each first subdivision, each second subdivision 
and so on. If the ‘spectrum’ contains a periodic variation of 
87.969 days, there should be a correlation between each cor¬ 
responding subdivision. This is just what the computer study 
reveals. After testing for more than one hundred different 
frequencies in the ‘spectrum*. Dr Bigg found that the only 
one which could have any physical significance in 460 orbits 
of Mercury about the Sun was also the one which showed 
the best correlation in this test. The accuracy of this test was 
so good that the correlation would not have been found if 
the solar cycle variations occurred with a period different 
from that of Mercury by only as little as one part in 5000, 
or one-tenth of a cycle in the 460 studied. The agreement is 
indeed impressive. 

But Dr Bigg did not stop there. He went on to compare 
the sunspot numbers recorded from 1850 to 1960 with the 
positions of the Earth, Venus and Jupiter in their orbits in 
relation to the position of Mercury. It would have been 
asking too much of the computing technique he used to com¬ 
pare all the planetary positions together, but he found that 
each planet modifies the Mercury effect on the Sun in much 
the same way that the position of the Earth in its orbit 
modifies the comparable Venus effect 

When another planet (Venus, Earth or Jupiter) is on the 
same side of the Sun as Mercury during Mercury*s closest 
approach to the Sun ( perihelion) the Mercury effect is twice 
as large as when the planet is on the opposite side of the Sun . 
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This can only mean that a real physical effect is present 
and that the same effect is acting for all the planets. What 
could this be other than a tidal influence resulting from the 
gravitational attraction of the planets on the Sun? Probably 
what happens is that when a sunspot region is building up 
towards a period of activity, the transition from ‘no spot’ to 
‘spot’ can be pushed over some critical value, or held back, 
by the periodically changing tidal influence of Mercury, even 
though that tidal influence may be much smaller than the 
total forces involved in creating sunspots. It is most unlikely 
that Mercury directly causes the creation of sunspots, but its 
influence probably acts like a final straw or trigger. 

Dr Bigg’s 1967 study provided a landmark in the develop¬ 
ment of an understanding of sunspots. There is no longer 
any room for doubt that at least one planet influences the 
activity of the Sun; we also have a hint of the significance 
of other planetary alignments to a complex world of solar 
activity. What happens when the Solar System is considered 
as a whole? How drastically can the sunspot cycle be affected 
when three, four or more planets all align themselves on the 
same side of the Sun? These questions assume a pressing sig¬ 
nificance now that we have found the key which might unlock 
the secret of the variation of the cycle of solar activity. For 
planetary alignment is also the key to the trigger for un¬ 
usually high levels of terrestrial earthquake activity. It turns 
out that there will be a very rare alignment of the planets, 
with all of them pulling together on the Sun, in the early 
1980s. Will this produce an even more dramatic effect in 
terms of sunspot activity and earthquakes? The answer comes 
from another analysis of historical records of sunspot activity. 

THE TOTAL INFLUENCE OF PLANETARY ALIGNMENTS ON THE SUN’S 
ACTIVITY 

We are now dealing with work which has only been carried 
out very recently. The development of our understanding of 
how the planets influence the Sun parallels in a remarkable 
way the development of our understanding of the forces 
which shape the continents. This story would be incompre¬ 
hensible without both pieces of the theory we have developed; 
both parts, being developed independently, reached their 
climax early in the 1970s, ready to be fitted together into a 
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whole which is very much more than the sum of its parts. 

Very late in 1972 Professor K. D. Wood, of the University 
of Colorado, reported, in the scientific journal Nature , his 
detailed study of how most of the planets in the Solar System 
influence the Sun, and in particular how they influence the 
intensity of sunspots during successive eleven-year sunspot 
cycles. Professor Wood did not include Mercury in his study, 
because he was seeking long-term influences which affect 
several solar cycles of eleven years. A three-month variation 
due to Mercury would affect the activity only within each 
cycle, not the average sunspot activity throughout eleven or 
more years. Apart from Mercury, the main tidal influence 
on the Sun comes from Venus and the Earth because they 
move in close orbits to the Sun, and from Jupiter which is 
so large that its influence is pronounced even though it is 
much further from the Sun. The average influence of each 
planet can be normalized into units of the tide faised by the 
Earth on the Sun. If the magnitude of that tide is 1 unit, 
then Venus tides average a height of 2.13 units and Jupiter’s 
tides average 2.28 units. (Mercury, neglected but not for¬ 
gotten, averages 0.5 and 1.8 at the two extremes of its very 
elliptical orbit.) 

Professor Wood has elaborated on the various tidal in¬ 
fluences due to Venus, Earth and Jupiter in detail. When the 
Earth and Venus are in conjunction (on the same side of the 
Sun) or in opposition (on opposite sides of the Sun) they 
combine to raise a total tide on the Sun some 50 per cent 
greater than the largest tide ever raised by Jupiter. When all 
three planets are aligned their combined tidal effects add to¬ 
gether on the Sun’s surface. It is easy to show that the Earth 
and Venus are in conjunction every 1.8 years, and in opposi¬ 
tion 0.8 years after each conjunction, while in 0.8 years the 
Earth moves about 264° in its orbit relative to Jupiter. These 
straightforward pieces of observational information enable 
Professor Wood to calculate the height of the gravitational 
tide raised on the Sun by the three planets at any time in the 
future or past, starting from the known positions of the 
planets in 1972. This he has done, measuring tidal force 
again in units of the average tide raised on the Sun by the 
Earth. It was then a simple matter for him to compare the 
tidal height with sunspot activity over the nineteenth and 
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twentieth centuries, when detailed records have been kept. 
The results are illustrated graphically in figure 18 and include 

Professor Wood’s forecast for the time between 1972 to the 

* 

end of this century. The relation between sunspot activity and 
these tidal influences is completely beyond question. The pre¬ 
dictions of tidal height are exact, of course, and only the 
data on sunspot numbers remain approximate, since reliable 
sunspot numbers are only available back to 1800. But indica¬ 
tions of the years of sunspot maximum and sunspot minimum 
(‘peak’ and ‘valley’ dates) can be obtained from historical 
records right back to the time of Galileo, two centuries earlier 
still. 

Dr E. Opik has shown that Wood’s tidal gravitational 
effects should raise a tidal flow on the Sun with a velocity 
of 93 cm./sec. (compared to 300 cm./sec. for lunar tides on 
the Earth)-not at all negligible! At this velocity and with 
the solar gravity acceleration 27.6 times the terrestrial, Opik 
calculates a tidal displacement over one-half of the Sun’s 
rotation of 560 km. in a horizontal direction which may 
suffice to trigger off some unspecified instabilities leading to 
sunspot activity. No one has yet proposed a specific and 
detailed mechanism for the interaction of planetary resonances 
and solar activity characteristics. This would require a com¬ 
plete magnetic-hydro dynamical treatment of the external tidal 
and the inertial forces within the Sun. The matter is com¬ 
plicated by factors like tides on the Sun, raised by planets 
at right angles to each other, tend to cancel each other near 
the solar equator, though they still reinforce each other at 
solar latitudes greater than 55° (neglecting the 7° inclination 
of the planetary plane to the solar axis). Dr Opik calculated 
the probability of chance coincidence of the sunspot maximum 
keeping to within one-half year of the peak of Wood’s tidal 
cycle (shown on p. 114) as one chance in 1230, enough to 
consider the correlation of these two specific phenomena as 
real. 

* 

These records provide further impressive evidence linking 
planetary alignment and sunspots. The corresponding ‘peak’ 
dates dre compared with dates of tidal maxima for the first 
twenty solar cycles since 1600 in table 1. When these data 
are combined with the corresponding plots in figure 18, we 
cover over three and a half centuries of observation. Between 
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1600-1972, the dates of tidal height and sunspot maximum 
rarely differ from each other by more than a few months. 
This difference could be due to some other physical effect, 
for remember Professor Wood has calculated only the in¬ 
fluence of the alignment of the three most significant planets, 
while neglecting the other planets and the internal processes 
going on within the Sun itself. 


Table L Comparison of sunspot cycle peak dates with dates of 
peak tidal fluctuation. 


cycle No. 

peak date 
Forecast 

date 

Sunspot 

Sunspot 

Tidal peak 

—13 

1604.5 

1605.4 

-12 

1615.5 

1617.5 

-11 

1626.0 

1628.3 

-10 

1639.7 

1639.5 

-9 

1649.0 

1650.5 

-8 

1660.0 

1661.5 

-7 

1675.0 

1672.1 

-6 

1685.0 

1683.3 

v -5 

1693.0 

1693.7 

-4 

1705.5 

1705.1 

-3 

1718.2 

1716.2 

-2 

1727.5 

1727.0 

-1 

1738.7 

1738.4 

0 

1750.1 

1749.8 

1 

1761.5 

1760.6 

2 

1769.8 

1772.2 

3 

1778.5 

1782.8 

4 

1788.2 

1794.1 

5 

1804.8 

1805.6 

6 

1816.4 

1816.6 

7 

1830.0 

1827.0 

8 

1837.2 

1838.2 

9 

1848.3 

1848.7 

10 

1860.2 

1859.5 

11 

1870.7 

1871.0 

12 

1884.0 

1881.0 

13 

1893.9 

1893.1 

14 

1906.3 

1904.5 

15 

1917.7 

1915.9 

16 

1928.4 

1927.1 

17 

1937.6 

1937.9 

18 

1947.5 

# 1949.5 

19 

1958.2 

1960.7 

20 

1969.3 

1971.3 
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Sunspot 
cycle No. 


21 

22 

23 

24 

25 

26 

27 

28 

29 

30 

31 

32 


Sunspot 
peak date 
Forecast 
1982.0 
1993.4 
2002.1 
2014.0 

2025.6 
2036.1 

2048.3 

2056.6 

2071.4 

2079.5 

2093.6 
2104.4 


Tidal peak 
date 


1982.0 

1992.9 

2004.1 

2014.5 

2026.1 

2037.6 
2048.3 
2059.1 

2070.9 

2081.5 

2092.6 

2103.9 


Average cycle lengths are: sunspots 11.05 yr, planet tides 11.08 yr. 


1750 is chosen as ‘year zero’ arbitrarily. 

These data are taken from Wood, K. D., Nature, 240, 91; 1972. 
They extend the information in figure 18 back to the period when 
only the years of sunspot maximum were recorded, not the actual 
number of spots seen each year. By extrapolating the data, and 
calculating future tides raised on the Sun, Professor Wood has 
produced a prediction of solar activity for cycles beyond number 
20 . 


The most exciting prediction of this investigation is still 
to come. In the same way that Dr Bigg compared correspond¬ 
ing subdivisions of Mercury’s period to find a correlation, 
the 370 years of sunspot observations can be divided into 
interesting periods and subdivisions to see whether or not the 
period chosen has any physical significance. When this is done 
it seems that the sunspot numbers follow a repeated pattern 
roughly every 170 to 180 years; that is, the solar cycle from 
1923 to 1934 can be superimposed upon the cycle from 1755 
to 1766. Annoyingly, there is just not quite enough information 
available to study this aspect of the problem reliably; since 
1800 we have had just one such long cycle. But look at table 1 
again and recall the great solar flare of 1959. The exact peak 
of the corresponding cycle was in 1958 and there were 201 
sunspots that year - more than in any other year of the table. 
In 1788, at the height of the corresponding solar cycle 170 
years before, the sunspot number was 141 - again one of the 
highest numbers of sunspots recorded. The preceding peaks. 
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in 1947 and 1778, were 152 and 151 respectively, both higher 
than average, and three cycles before, in 1928 and 1750, the 
peaks were more normal with 78 and 92 sunspots. It is possible 
to sit for hours picking out such relations; but we can go one 
better than Professor Wood and pinpoint a periodic planetary 
alignment which occurs with just the right frequency to 
explain this effect. 

SUNSPOTS AND THE SOLAR SYSTEM CENTRE OF MASS 

In its simple form, the tidal theory may not be correct, al¬ 
though Wood’s work in particular is certainly intriguing. But 
there are other possible mechanisms which might explain the 
influence of planetary alignments on solar activity. Jose and 
Sleeper found a 180-year period due to resonances of the four 
giant planets (Jupiter, Saturn, Uranus and Neptune), and 
suggest that the 11-year cycle is due to resonances in the 
periods of the inner planets. Sleeper finds both 80- and 30- 
year sunspot periods associated with climatic changes on 
Earth; Cohen and Lintz find the now familiar 180-year period 
in sunspot records, and suggest that this is a ‘beat’ effect of 
the 11-year period and a 9.8-year-period, interacting like two 
nearby musical notes struck together. Where could such a 9.8- 
year period come from? According to Sleeper, this is just 
half the synodic period of resonance caused by Jupiter-Saturn 
conjunction - we are back again to the giant planets, and 
especially Jupiter! 

The wealth and variety of evidence is remarkable, although 
all too often it has either been ignored or kept quiet by the 
discoverers themselves, afraid, perhaps, of ridicule. After the 
first edition of this book appeared, it turned out that the 
NASA colleagues of one of us, working in the same building, 
had carried out an unpublished study showing an increase of 
20 per cent in solar activity at times of these infrequent con¬ 
junctions of the Solar System’s two largest planets, leading 
to the perhaps not entirely facetious suggestion that the book 
should be retitled The Jupiter-Saturn Effect In the light of 
these new (to us) developments, one alternative model in 
particular seems a strong rival to the tidal theory. That is the 
possibility that changes in the position of the Solar System 
centre of mass play a significant part in determining the level 
of solar activity. 
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As recently as 1975, R. M. Wood (the son of Professor 
K. D. Wood) has suggested that tides are likely to be less 
important than effects on the oblate spinning Sun, while 
Dauvillier suggests that movements of the Sun around the 
centre of mass provide the key influence on that system. If 
we consider the movement of the Sun relative to the centre 
of mass of the Solar System, we find that it follows a looping 
orbit (see figure 19) over a distance comparable to the solar 
diameter, and that the patterns in the looping movement 
recur with periods of 11, 30, 80 and 180 years, due to the 
varying pull from the planets. As the planets, especially the 
giants, move around the Sun they swing it backwards and 
forwards and around like circling ice skaters holding hands 
with one another. It is quite permissible to use a reference 
system in which we choose to view the motion from the 
centre of the Sun, when we would ‘see’ the centre of mass 
looping around the Sun, sometimes below its surface and 
sometimes outside the Sun entirely; this is the usual way of 
looking at things, since we are used to thinking of the Sun as 
our fixed reference, but it does not give the best physical 
picture. The centre of mass is the true centre of the Solar 
System, and the looping orbit of the Sun around that centre 
has real physical significance, producing the same kind of 
‘centrifugal’ and ‘coriolis’ forces that a human being would 
feel when trying to walk across the centre of a spinning 
merry-go-round. Events on the surface of the Sun are strongly 
influenced by convection in its interior, and the convection 
is known to be sensitive to changes in the gravity gradient 
and effects such as coriolis and centrifugal forces. Dauvillier 
has calculated that there is a clear proportionality of the 
activity of the solar cycle (expressed by Wolf sunspot num¬ 
bers) and the distance between the centre of the Sun and 
the centre of the Solar System, on which the centrifugal force 
depends. He predicts that the next solar maximum, which is 
our great concern here, will be only slightly less than the 
biggest in this century, which occurred in 1959. 

Torque effects have also been discussed, notably by R. M. 
Wood and by Blizard, in connection with the link between 
planets and sunspots, with particular success when applied 
to' the 22-year cycle. Perhaps more than one of these 
mechanisms is operating, but there seems to us no doubt 
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Figure 18, Variations of the calculated tidal height at the sub- 
Jupiter point due to the Earth and Venus at conjunction (or 
opposition) (dashed line) compared with the observed number of 
sunspots (solid lines) since 1880. (From Wood, K. D., Nature , 240 
(1973) 91. Courtesy of Nature,) Wood’s predictions for future sun- 
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that some physical mechanism does indeed link the positions 
of the planets to solar activity - and it is perhaps particularly 
significant that essentially all of these suggested mechanisms 
will be producing a strong influence on the key dates between 
1982 and 1984 when the greatest number of conjunctions 
occurs. 

THE PLANETARY ALIGNMENT OF 1982 

Between 1977 and 1984 the planets of the Solar System will 
be moving into an unusual alignment in which every planet 
is in conjunction with every other planet; that is, all the 
planets will be aligned on the same side of the Sun. Such an 
alignment occurs only once every 179 years, less than the 
period of Pluto’s orbit (248 years). This occurs because the 
eight planets move faster than Pluto and so get round the Sun 
ready for another alignment more quickly than Pluto does. 
Neptune takes 165 years to get around the Sun; so starting 
from a conjunction with Pluto, Neptune must complete one 
orbit plus another few years to catch up with the distance 
moved by Pluto in its orbit further out. In the same way 
Uranus completes two and a bit of its eighty-four year orbits 
while Neptune and Pluto are getting back into alignment, 
and while Saturn finishes nearly six orbits, Jupiter roughly 
fifteen, and the small inner planets whirl round at a giddy 
pace by the standards of Neptune and Pluto. This is why 
we can say that there are about five years during which the 
rare conjunction is building up. Each year from 1977 to 1982, 
as the Earth moves around the Sun, we will find the planets 
beyond Mars ever more accurately aligned. In the last couple 
of years first Mars and then the Earth will move towards 
their positions in the alignment, followed by Venus. Last of 
all, little Mercury will spin round the Sun completely four 
times during the year when all the other planets are lining 
up. A study of the heliocentric longitudes of the six outer 

spot activity can be taken as accurate indicators of the dates of 
sunspot maxima to the end of this century. However, he takes no 
account of the rare planetary alignment due in 1982: we believe 
that the sunspot peak in that cycle will be much greater than he 
suggests. This is the key to the trigger effect on the San Andreas 
fault. 
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planets for the years 1977-86 shows the greatest number of 
conjunctions occurring between 1982 and 1984. 

We have already seen how dramatic the effect on sunspots 
can be when similar alignments involving only Mercury, 
Venus, Earth and Jupiter occur. Is there any reason to believe 
that the superalignments will not produce even more dramatic 
effects? Certainly, dramatic effects have been expected from 
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Figure 19. Movement of the Sun relative to the Centre of Mass 
of the Solar System (C). The circled numbers refer to the sunspot 
cycle number, while the numbers with M relate the number of 
sunspots at the maximum of the solar cycle. The data is from 
Dauvillier, A., Bull. Roy. Soc., Liege, 39 (1970) 486. 
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such auspicious events as long as man has studied the stars. 
Some astrologers mark the beginning of a new age by the 
occasion of the grand alignment - when Jupiter aligns with 
Mars and the Moon is the Seventh House, the Age of Aquarius 
begins. The Age of Aquarius will be, we are told, a time of 
peace and love. But will it be ushered in by a major slip of 
the San Andreas fault and a wave of earthquake activity 
around the globe, unprecedented since seismology became a 
true science? 

It is not only astrologers who are fascinated by the align¬ 
ment of the planets. Such a grand alignment provides a rare 
opportunity for space vehicles to be sent on a ‘grand tour* of 
two, three or more of the outer planets. The possibilities 
inherent in such a rare alignment involving the four giant 
outer planets of the Solar System (and the rarity of the 
alignment itself) are discussed in several NASA publications, 
for example the booklet Planetary Exploration: Space in the 
Seventies , written by William Corliss for NASA and published 
in 1971. A ‘window’ for launches to flyby three of the other 
planets will be open in 1977 (Jupiter-Satum-Pluto) and an¬ 
other in 1979 (Jupiter-Uranus-Neptune), as the planets move 
into alignment. By the middle 1980s and into the 1990s this 
alignment will be opening out again, but two-planet tra¬ 
jectories will still be possible and current plans are for two 
Mariner class Saturn orbiters to be launched in 1985 and 
followed the next year by two further Mariner spacecraft 
which will use gravity assist to fly past Uranus and on to 
Neptune. Financial restrictions have made it impossible to 
take up the opportunity of a fuller ‘grand tour just now, and 
it will not be possible again until the middle of the twenty- 
second century; even so, it would be the literal truth to say 
that the launch dates of these space probes, which depend 
critically on the exact positions of the planets, are determined 
by NASA’s expert team of latter-day astrologers! 

So the next time of sunspot maximum will occur early in 
1982, as Professor Wood has predicted (a view shared also 
by Drs T. J. Cohen and P. R. Lintz in a study published in 
Nature of August 1974). If the tidal influence of the planets 
neglected in Professor Wood’s study is calculated, it turns out 
to be rather small. We might suppose, then, that the grand! 
alignment of 1982 would be no more dramatic than other 
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alignments involving Venus, Earth and Jupiter, although 
these are impressive enough. But a remarkable study published 
twenty years ago, in 1954, hints that this may not be the case. 

After World War II the study of radio communications 
entered a new era. It was known that the activity of the Sun 
disturbed radio communications - we now know that this 
occurs through the sort of interaction of solar particles with 
the Earth’s magnetosphere discussed in chapters 7 and 8. Many 
radio engineers became interested in predicting ‘radio weather’; 
in other words, they wanted to predict solar activity so that 
they would know in advance when radio communications 
were likely to be difficult. Working in isolation from astron¬ 
omers, the radio engineers tackled the problem in a completely 
empirical fashion. All they wanted was an eifective way to 
predict the influence of the Sun on radio signals on the Earth; 
if their ideas conflict with any established beliefs about the 
Sun, just too bad. Well, they found such a ‘radio weather’ 
predictor and it did run counter to some cherished astro¬ 
nomical beliefs, which may be why the results of these studies 
are not too widely known among astronomers. However, the 
prediction scheme was trusted by RCA Communications Inc., 
who financed the study of radio weather forecasting not 
through any scientific altruism but because of hardheaded 
business sense. Dr John Nelson reported the results of his 
study in 1954, and in spite of their remarkable predictions 
they seem to have lain dormant ever since, at least as far as 
astronomers are concerned. 

Dr Nelson and his team soon found evidence of the in¬ 
fluence of planets on sunspots-the sort of evidence we have 
already discussed for Venus, Earth, Mercury and Jupiter. 
But moving rapidly on from this look at the Solar System 
as a whole, they investigated relationships between planetary 
alignments and radio weather during the quiet period of the 
Sun from 1951 to 1953, when there were very few sunspots. 
They found that alignments of 0 degrees (planets on the same 
side of the Sun), 90 degrees and 270 degrees (when planets 
and the Sun form a right-angled triangle) and 180 degrees 
(planets in line with the Sun but on opposite sides) are sig¬ 
nificant indicators of the radio weather. When any three of 
the Sun’s nine planets are aligned like this, there are radio 
disturbances even when there are few sunspots (that is, during 
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the years between sunspot peaks). More severe radio disturb¬ 
ances were related to alignments of five or six of the nine 
planets at these angles at the same time, to within a few 
days. The most impressive radio disturbances occurred when 
one of the inner planets (Mercury, Venus, Earth or Mars) 
was linked in such a geometric arrangement with the Sun and 
one or more slower moving planets (Jupiter, Saturn, Uranus, 
Neptune or Pluto). 

Sunspots, of course, are just the most visible part of solar 
activity. Cosmic rays from the Sun are constantly streaming 
past the Earth, and variations in cosmic rays will affect the 
ionosphere, and radio propagation, even when the effects are 
far too small to change the atmospheric circulation, let alone 
change the Earth’s spin and produce earthquakes. Although 
Pluto itself is probably of very little importance in the chain 
from planets to solar activity to earthquakes, Nelson’s re¬ 
markable work shows just how the whole Solar System inter¬ 
acts to affect facets of our daily lives. 

We are concerned only with the most dramatic disturbances 
of the Sun’s equilibrium, the sunspots, since to trigger earth¬ 
quakes we need great disturbances of the ionosphere and the 
Earth’s atmospheric circulation (far more than is needed to 
disrupt the propagation of radio waves). Perhaps there are 
other factors also at work, as suggested by the radio weather 
studies of Dr Nelson and his team of engineers at RCA. But 
of one thing we can be absolutely sure; the unusual planetary 
alignment is inexorably approaching and it will affect the 
activity of the Sun. We have come a long way in our search 
for a trigger, from California to Jupiter, but it looks as though 
we have found it. 

We suspect from the work of Sleeper and others that the 
sunspot cycle now in progress is a long one of 13 years; and 
if Dauvillier is correct, it will peak with strong activity and 
sunspot numbers reaching around 160. From time to time 
between 1982 and 1984 we imagine that there will be bursts 
of very strong activity associated, with the unusual series of 
alignments; streams of charged particles flowing out past the 
planets, including the Earth, will be affected by these bursts 
of activity and may well produce a pronounced effect on the 
overall circulation of the weather patterns (especially at high 
latitudes), as discussed in Appendix B-and this activity will 
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♦ 

occur whichever of the physical processes or combinations of 
processes which dominates is responsible. 

Finally, the last link in the chain, movements of large 
masses of the atmosphere will agitate regions of geologic 
instability into life. There will be many earthquakes, large 
and small, around susceptible regions of the globe. And one 
region where one of the greatest fault systems lies today 
under a great strain, long overdue for a giant leap forward 
and just awaiting the necessary kick, is California. The situ¬ 
ation is not directly comparable with that of 1809, the last 
time such a planetary alignment occurred, because we have 
no way of knowing how much strain the San Andreas fault 
was then under. Most likely, it will be the Los Angeles section 
of the fault to move this time. Possibly, it will be the San 
Francisco area which has a major quake. The prospect of 
both these sections of the fault moving at once hardly bears 
thinking about. In any case, a major earthquake will herald 
one of the greatest disasters of modern times. 



10. Preparation for the Next Great 
Californian Earthquake 


Any thinking person who lives near the San Francisco and 
Los Angeles regions of the San Andreas fault must be con¬ 
cerned by the prospect of another major earthquake in the 
near future. Until very recently it might have been possible 
to argue - but without very much conviction - that it probably 
will not happen until we are all dead, so why worry. But we 
have now seen how inexorably the evidence points to disaster 
not more than a few years away. What exactly is likely to 
happen? And how can those who must live in the danger 
zones prepare for the worst? 

It is some comfort to find that government departments 
and official agencies are aware of the dangers, and are making 
plans for the most effective possible action when the earth¬ 
quake comes. In the case of a really serious earthquake, how¬ 
ever, the plans of man seem almost pitifully inadequate. 
Ironically, too, most attention in this respect has focused on 
San Francisco, where the memory of the 18 April 1906 shock 
remains. In fact, our search extending over the whole of our 
Solar System indicates that the Los Angeles region is more 
likely to suffer the next major jerk in the San Andreas fault, 
because there the fault has been dormant since 1856. 

OFFICIAL PREPARATIONS FOR SAN FRANCISCO BAY EARTHQUAKES 

The first concern of the authorities in preparing for major 
earthquakes in California is, of course, to save lives and 
assist survivors. In a paper presented to the American Asso¬ 
ciation for the Advancement of Science in 1974, Drs T. 
Atwater and P. Molnar of MIT pointed out that the section 
of the San Andreas fault near San Francisco and to the north 
does not appear to have slipped substantially since 1906. 
During the 1906 earthquake the fault moved an average of 
4 metres. If the San Andreas is absorbing most of the 5 cm./ 
year they expect the potential for an earthquake of the same 
size as in 1906 will have developed after 80 years, i.e. around 
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1986 - a striking independent verdict in view of the predictions 
made in this book. One of the most detailed plans for such 
contingency operations was prepared in 1972 by the National 
Oceanic and Atmospheric Administration Environmental Re¬ 
search Laboratories, for the Office of Emergency Prepared¬ 
ness. Its stated purpose is to provide that Office and the State 
of California with ‘a rational basis for planning earthquake 
disaster relief and recovery operations in the San Francisco 
Bay area’. In order to achieve this objective, the report pre¬ 
dicts the effects of earthquakes of different magnitudes 
centred on different parts of the San Andreas and Hayward 
faults-in fact the Hayward fault, which parallels the San 
Andreas for a short distance just inland from the Bay, is a 
region of continuing creep and a most unlikely site for really 
catastrophic jumps, which are caused by the stick-slip motion 
we looked at in chapter 4. But before any predictions could 
be made, the NOAA team who compiled the report first had 

A 

to analyse the effects of earthquakes which have occurred in 
the Bay area in historic times. A quite remarkable discovery 
emerges from this analysis. 

The report itself is not concerned with predicting when or 
even where great earthquakes will occur. Its role is to create 
an awareness of what needs to be done, and what it will be 
possible to do, when the next such quake comes. Even if 
the NOAA had been concerned with earthquake prediction, 
they would not have known about the sunspot effect at the 
time their report was prepared. So their choice of earthquakes 
as models on which to base their calculations of the effects 
of such disasters is completely independent of the ideas we 
have developed in this book. Seventeen ‘major historical 
earthquakes’ are referred to in the report, all of which 
occurred since 1836, and all within about 240 km. of the 
Golden Gate Bridge. Of these, eight were centred within a 
radius of 80 km. from the entrance of the Bay. Every one of 
these eight earthquakes occurred within two years of one 
or another of the date of sunspot maximum given in table h 
This includes the great 1906 earthquake. The dates of these 
events are 1836, 1838, 1861, 1868, 1892 (twice) and 1906. 

Between 80 and 160 km. from the Golden Gate, southeast 
along the fault in the region of active creep which we de¬ 
scribed in detail in chapter 3, there have been several historic 
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earthquakes which are deemed important enough to be men¬ 
tioned in the NOAA report. All of these were about as large 
as the smallest of the eight large historic quakes closer to the 
Bay, and just two of them occurred within two years of a 
time of sunspot maximum. The last two earthquakes men¬ 
tioned in this study were each about 240 km. from the Bay 
entrance, one to the southeast which occurred in 1885 (there 
was a sunspot maximum in 1884), and one to the northwest, 
off the coast, which occurred in 1898, halfway between two 
sunspot peak dates. 

If we ignore the two furthest events from the Bay, we are 
left with a very striking result: in the immediate Bay area, 
eight quakes all near sunspot peak dates; in the next area out 
from the Bay, seven quakes in the same period of history, 
but only two near the sunspot peak dates. We already know 
that the character of the San Andreas fault changes from 
continuous creep to jerky slip-stick movement in the Bay 
area (see chapter 3 and figure 8, page 40), and we have 
predicted that the jerks might be triggered by sunspot activity. 
The quite unbiased statistics from the official Office of Emer¬ 
gency Preparedness report lend eloquent testimony to the truth 
of these ideas. 

With this additional support for the sun spot-earthquake 
link hinting again at the ominous significance of 1982, what 
would be the effect on human life if the quake struck the 
San Francisco Bay area, our second greatest area of risk after 
Los Angeles? 

Earthquakes are the most difficult of all natural disasters 
to counter, both because of their indiscriminate effects and 
because they provide no warning, unlike, say, hurricane or 
large-scale floods. Whereas even in a major fire in the heart 
of a city there remain areas nearby in which the injured can 
be tended and from which the disaster can be fought, in a 
great earthquake there may be few suitable buildings remain¬ 
ing to act as hospitals, and fire-fighters and other disaster 
Workers will be hampered by broken water mains, impassable 

streets and so on. 

As with the Beaufort scale of wind speeds, there is an 
easily understood scale by which earthquake strength can be 
measured. This is the Modified Mercalli scale, reproduced 
in table 2, on which the San Francisco earthquake of 1906 
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reached an intensity of XI; the energy released in it was the 
equivalent of more than the total food energy used by the 
entire present population of the Earth in one year. This scale 
quantifies the damage caused by an earthquake and so is 
particularly useful for relief workers and those who have to 
plan for such emergencies. The absolute scale of earthquake 
magnitudes (the Richter Scale) compares with the Mercalli 
scale in the same way that absolute wind speeds compare to 
the Beaufort scale; the magnitude of the 1906 earthquake was 
8.3, and as a rule of thumb for metropolitan centres in Cali¬ 
fornia the NOAA study team use the empirical relationship 

magnitude =1+1 intensity 
For the 1906 event this gives 

magnitude =1+1X11 = 8.33 

# 

9 

On this basis, earthquakes of magnitude less than six (intensity 
of about VII or less) are expected to be dealt with by local 
communities. The 1971 San Fernando earthquake, which 
caused 58 deaths, 5000 injuries and damage worth nearly 500 
million dollars, was of intensity VIII to IX, magnitude 6.6. 

Table 2. Modified Mercalli Intensity Scale 

I. Not felt Marginal and long-period effects of large earth¬ 
quakes. 

U. Felt by persons at rest, on upper floors, or favourably 
placed. 

III. Felt indoors. Hanging objects swing. Vibration like passing 
of light trucks. Duration estimated. May not be recognized as an 
earthquake. 

IV. Hanging objects swing. Vibration like passing of heavy 
trucks; or sensation of a jolt like a heavy ball stri king the walls. 
Stationary automobiles rock. Windows, dishes, doors rattle. Glasses 
clink. Crockery clashes. In the upper range of IV wooden walls 
and frames creak. 

V. Felt outdoors; direction estimated. Sleepers wakened. 
Liquids disturbed, some spilled. Small unstable objects displaced 
or upset. Doors swing, close, open. Shutters, pictures move. Pen¬ 
dulum clocks stop, start, change rate. 

VI. Felt by all. Many frightened and run outdoors. Persons 
walk unsteadily. Windows, dishes, glassware broken. Knick-knacks, 
books, etc., fall off shelves. Pictures fall off walls. Furniture 
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moved or overturned. Weak plaster cracked. Small bells ring 
(church, school). Trees, bushes shaken (visibly, or heard to rustle). 

VII. Difficult to stand. Noticed by drivers of automobiles. 
Hanging objects quiver. Furniture broken. Weak chimneys broken 
at roof line. Fall of plaster, loose bricks, stones, tiles, cornices 
(also unbraced parapets and architectural ornaments). Waves on 
ponds; water turbid with mud. Small slides and caving in along 
sand or gravel banks. Large bells ring. Concrete irrigation ditches 
damaged. 

VIII. Steering of automobiles affected. Fall of stucco and some 
masonry walls. Twisting, fall of chimneys, factory stacks, monu¬ 
ments, towers, elevated tanks. Frame houses moved on foundations 
if not bolted down; loose panel walls thrown out. Decayed piling 
broken off. Branches broken off from trees. Changes in flow or 
temperature of springs and wells. Cracks in wet ground and on 
steep slopes. 

IX. General panic. General damage to foundations. Frame 
structures, if not bolted, shifted off foundations. Frames racked. 
Serious damage to reservoirs. Underground pipes broken. Con¬ 
spicuous cracks in ground. In alluviated areas sand and mud 
ejected, earthquake fountains, sand craters. 

X. Most masonry and frame structures destroyed with their 
foundations. Some well-built wooden structures and bridges de¬ 
stroyed. Serious damage to dams, dikes, embankments. Large 
landslides. Water thrown on banks of canals, rivers, lakes, etc. 
Sand and mud shifted horizontally on beaches and flat land. Rails 
bent slightly. 

XI. Rails bent greatly. Underground pipelines completely out 
of service. 

XII. Damage nearly total. Large rock masses displaced. Lines 
of sight and level distorted. Objects thrown into the air. 


The worst event considered by the NOAA report is another 
earthquake of magnitude 8.3 occurring on the San Andreas 
fault near San Francisco. The length of faulting associated 
with this would be between 300 and 500 km., and displace¬ 
ment would occur by 6 m. horizontally and 1.5 m. vertically. 
The report considers many effects which are commonly for¬ 
gotten in preparing for such disasters. For example, although 
almost everyone would realize the fire risk arising after an 
earthquake, city dwellers might well be unaware of the dangers 
of associated landslides. Because the report calculates maxi¬ 
mum possible effects for all those associated problems, it is 
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not possible simply to add up all the figures they quote to 
provide a typical picture of a San Francisco earthquake. 
Indeed, there is no such typical event because while fire 
hazard is greatest in the dry season, landslides will be more 
pronounced in the wet, and so on. But we can draw a thumb¬ 
nail sketch of much of what can be expected to happen. 

In 1971, one particular aspect of the San Fernando earth¬ 
quake provided a grim reminder of one of the greatest prob¬ 
lems facing survivors of a major earthquake in a densely 
populated region. Of fifty-eight deaths directly attributed to 
that earthquake, forty-one people died immediately in the 
collapse of the Veterans Hospital and six people injured in 
the collapse died later from their injuries. Shaking ground 
does not kill people but collapsing buildings do; and it is the 
old, sick and infirm who cannot move out of buildings when 
the ground begins to shake who are most likely to be seriously 
injured. Another important factor is the time of day on 
which the earthquake comes-during the rush hour, when 
everyone is asleep, or when people are at work. So the NOAA 
report calculates the results of disaster striking at 2.00 p.m., 
4.30 p.m. and 2.30 a.m. 

There are 85 major hospitals, with more than 36,000 beds, 
in the San Francisco Bay area. Their facilities are valued at 
more than 1000 million dollars. For the earthquake of mag¬ 
nitude 8.3, centred on the San Francisco part of the San 
Andreas fault, the 2.00 p.m. and 4.30 p.m. timings give the 
same casualties in hospitals - nearly 1300 killed and 8000 
injured. At 2.30 a.m. deaths would be about 425 and injuries 
over 3000. Doctors, patients, staff and visitors would all be 
numbered among the victims, just as the time when demands 
for medical aid would be pouring in from the stricken city, 
and 50 per cent of the hospital beds would be lost, together 
with vital medical supplies. The dollar loss could be as much 
as 70 per cent, although no one is likely to be counting dollars 
at the time. This, of course, is why , the so-called Packaged 
Disaster Hospitals will be vital after the earthquake of 1982. 

These portable hospitals (which were originally planned as 
Civil Defence Emergency Hospitals) do, however, require 
large vehicles to move them into the disaster area, and the 
total bed capacity they can provide in the Bay area will be 
only 7000 while something like 17,000 beds may have been 
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lost in the damage to existing hospitals. 

The pattern is repeated in the exhaustive study made by 
NOAA of other essential facilities. Fire services, ambulance 
services and so on are not adequate to cope with such a 
disaster, although hopefully the situation may improve slightly 
before 1982. But the greatest potential hazard of all lies m 
dam failure. This is when deaths climbing into tens of thous¬ 
ands (or even hundreds of thousands) can occur, and there 
are at least half a dozen dams in the Bay area which could 
be damaged by large enough shocks. Of these, the Calaveras, 
San Pablo and Upper San Leandro dams are least likely to 
stand up to such shocks, according to the NOAA report, and 
efforts are being made to improve their safety. 

Next to these problems, the risk to airports, public buildings, 
port facilities and so on, important though it is, can be no 
concern of ours. All we can do is encourage the authorities 
to take action in accordance with reports such as the NOAA 
study of the Bay area and a similar study of the expected 
impact of a major earthquake on the Los Angeles area. Their 
task is not to be envied - consider the problems facing our 
computerized society when industry is trying to rebuild with 
its computers and records destroyed - but they must not be 
allowed to fall back into the complacency of previous genera¬ 
tions. And nor must individuals. 

OFFICIAL PREPARATIONS FOR LOS ANGELES AREA EARTHQUAKES 

In a report published in late 1973, the NOAA team headed 
by Dr S. T. Algermissen studied the extent of an earthquake 
disaster in the Los Angeles area. The report assumes that the 
worst possible quakes would be of magnitude 8.3 on the San 
Andreas fault itself (similar to the 1857 Fort Tejon quake) 
or magnitude 7.6 on the Newport-Xnglewood fault (similar 
to the 1933 Long Beach quake). 

The length of ground rupture to be associated with a major 
quake on the San Andreas north of Los Angeles would be 
200-300 miles, with 7 m. horizontal and 1.5 m. vertical dis¬ 
placement. The death toll predicted for such an 8.3 magnitude 
quake ranges from 3000 to 12,000 people, depending on 
whether it occurred at 2 a.m. or 2 p.m. Similar casualty figures 
would be expected for a 45-mile rupture along the Newport- 
Inglewood fault. 
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In the 1971 quake, the Lower San Fernando dam came 
very near to collapse. The danger of large ground accelerations 
and subsequent dam failures would enhance the casualty 
figures cited earlier. The projected quake on the San Andreas 
itself would make possible the failure of the Fairmont and 
Bouquet Canyon dams, with a subsequent inundation killing 
perhaps 9000 people and rendering 110,000 people homeless. 
An earthquake along the Newport-Inglewood fault might 
collapse the Castonic and Pyramid Creek dams, with similar 
loss of life and destruction of homes. 

The fracturing of water mains and subsequent failure of 
water supplies in the Los Angeles area as the result of a large 
earthquake poses two major threats. Health hazards are im¬ 
portant, but more distressing is the threat of several major 
fires. Anyone familiar with the 1906 San Francisco quake 
knows that the greatest loss of life and property came from 
fire. An 8.3 magnitude San Andreas earthquake could generate 
three to four major fires, while a 7.6 magnitude quake could 
cause an even greater conflagration, including a major petrol¬ 
eum fire in the Terminal Island-Los Angeles Harbour area. 
The NOAA report notes that in the fall and winter, the Los 
Angeles area is blessed with local meteorological phenomena 
known as Mevil winds’ or ‘Santa Anas’-hot dry winds that 
may reach 100 mph in the mountain passes; gusts up to 
85 mph anywhere in the Greater Los Angeles area are not un¬ 
common. A ‘Santa Ana’ occurring simultaneously with a 
major earthquake would greatly accelerate the extent of any 
fire. The NOAA report notes that under these conditions, a 
major fire storm in Los Angeles (cf. Hamburg and Dresden 
in World War II) cannot be discounted. 

EFFECT OF MAJOR CALIFORNIA EARTHQUAKES ON INDIVIDUALS 

What can we expect, as individuals, when the earthquake 
does occur? The broad picture is all very well, but most 
people naturally want to know first what they can do to 
protect their homes and families. The only really safe course 
is to move out of San Francisco or Los Angeles, and live 
in a region of continuing creep activity, rather than the false 
calm of a stick-slip part of the fault-that is, if you must 
live near the fault at all. Secondly, take care not to live below 
a dam; this may sound facetious, but, incredibly, structures 
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have actually been built across the fault line itself-with one 
wall riding the Pacific plate and the other anchored in the 
continental plate of North America. In the face of such 
deliberate blindness to the dangers, it seems that even the 
most simple precautions must be spelled out. 

This failure to take appropriate precautions is all the more 
distressing because, with the understanding of geophysics 
spelled out in the early chapters of this book, it is possible 
to establish straightforward, easy rules to minimize damage. 
For the 1906 slip the fault zone moved significantly only over 
a band stretching roughly 300 m. either side of the fault 
line and it would have been so easy even to leave this band 
clear in subsequent years. But that was not done. 

One of the major snags about active fault regions from 
this point of view is that by and large they are associated 
with wide valleys which are visually very pleasing and thus 
encourage people to settle in them. Also, when geologists 
and geophysicists talk about the large-scale movements along 
the San Andreas fault in particular, people tend to dismiss 
this as something only important on a geological time scale, 
that is, over millions of years. It is probably too late to 
counter the results of this blase attitude before the next great 
California earthquake. But by pointing out what has been 
done wrongly over the past seventy-odd years perhaps we can 
pave the way for a more suitable programme of rebuilding 
and development next time. 

Three kinds of damage result from the earthquakes, caused 
by the movement of the fault itself, associated shaking of 
the ground, and the break-up or failure of the ground. The 
first kind of damage need never occur if only mankind had 
enough sense not to build structures which cross the fault 
line-this is easy enough to see or to trace geologically 
throughout the regions at risk and anyone who has built a 
house or other construction across the edges of the two plates 
is simply a fool. There are, it seems, a lot of fools now living 
in California. 

The damage caused by shaking is more of a problem. This 
depends on the kind of ground beneath the buildings at risk, 
their distance from the fault and the nature of their con¬ 
struction, as well, of course, as on the intensity of the earth¬ 
quake itself. To some extent suitable construction can counter 
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the effects of land-sliding and other forms of ground failure, 
but here again the original siting of buildings is of the greatest 
importance. Even so a soundly constructed building resting 
on stable ground adjacent to the fault line is, comparatively 
speaking, less of a hazard than a badly engineered construction 
built on unsuitable ground even several miles from the fault 
line, although this is no excuse for indiscriminate building 
within the immediate fault zone. 

During the earthquake of the early 1980s many unsuitably 
constructed buildings will be demolished for us. By and large 
those that remain will be the ones we can trust to withstand 
shocks. We must make sure that the rebuilding programme 
results in the construction only of such buildings. 

One of the best examples of intelligent planning is in the 
City of Fremont, where a Civic Centre and shopping centre 
have been built in the area of two fault traces associated with 
the San Andreas system. Movements along these traces 
occurred in 1836 and 1868, and the region is part of the area 
of activity not associated with the greatest earthquakes. Even 
so, thoughtless construction could result in large-scale losses 
during even small earthquakes. But in these developments 
the city authorities have planned parking lots and other open 
spaces for the areas crossed by the faults, with all buildings 
set to one side or the other. Since buildings are pretty much 
at the same risk there or several miles away, this is making 
the best of a bad job. 

So there are two extremes which might occur in building 
development near the San Andreas fault. Indiscriminate 
building, with structures even straddling the fault, or planning 
which allows only parks and other open spaces for a certain 
area around. As always there is bound to be a compromise 
in practice, although we may hope that never again will the 
compromise be weighted so heavily in favour of the 4 build 
anywhere and be damned* approach. This applies equally to 
active regions of the fault as to the temporarily locked lengths 
which can be triggered into major earthquake activity. Along 
most of the fault system virtually all earthquake damage can 
be avoided by building restrictions within 30 m. or so of the 
fault line. Is that so much to ask? And yet in the San Fran¬ 
cisco Peninsula, where memories of 1906 should prompt some 
caution, lines of so-called sag ponds, which geologists use as 
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a clear indicator of the fault line, have been filled in to make 
building land! 

There are two ways in which the problem might be resolved. 
Perhaps the civil authorities will belatedly grasp the nettle, 
taking action to rehouse inhabitants of danger zones and 
make long green belts of danger areas not yet developed. 
This seems unlikely because by the time thd> State of California 
can gear itself up to such action, even if it began now, the 
next earthquake will have occurred. In that case there must 
surely be sensible planning afterwards. Otherwise as knowl¬ 
edge of the workings of the San Andreas fault spreads there 
will probably be an increase in insurance premiums within 
the narrow highest-risk zones. Within two years of 1982 
(between 1980 and 1984) there will be a major disaster, 
probably in the Los Angeles area but perhaps in the San 
Francisco Bay area. This, together with further increases in 
insurance, will encourage industry and individuals to move 
out of the fault zone throughout the state, regardless of 
government action or inaction. Property values will drop and 
safety zones will grow up anyway, because the crippling in¬ 
surance rates will make the danger regions uneconomic to 
live in. The wise will not wait so long, but will move at once. 

Since the great San Francisco earthquake of 1906 the 
dangers of the San Andreas fault system have been clear. 
But in spite of this the population of California, and especially 
of the two great cities of Los Angeles and San Francisco, has 
grown apace. Lured by the many advantages of the state, 
most people turned a blind eye to the dangers. Only a few 
geologists worried about the prospect of another great earth¬ 
quake, but they could attract little attention when they could 
not explain the cause of such disasters, let alone where they 
might occur. Over the past few years all that has changed. 
The new, developing understanding of the forces which shape 
the Earth has led geophysicists to construct a picture in which 
the continents ride on great plates of solid rock, floating on 
molten rock of the Earth’s interior. The plates jostle against 
one another as they move, and the San Andreas fault defines 
the boundary between two such plates. At the same time, geo¬ 
logists at last began to understand what happens to rock 
subjected to the-kind of forces which arise at these plate 
boundaries. 
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It must be emphasized again that not every earthquake 
along the San Andreas fault or elsewhere in the world is 
triggered by the tides acting either directly or indirectly 
through solar activity and the intermediaries of the weather 
and changes in the Earth’s rotation. Many earthquakes, as 
we pointed out earlier in this chapter, occur in regions where 
creep is important or where the local geology precludes 
changes in the pore pressure in the rocks. The prediction of a 
large earthquake in California in 1982 does not mean that 
similar quakes, triggered by the same mechanism, cannot 
occur elsewhere, say along the very active Anatolian fault 
in the Middle East. For obvious reasons, we have chosen to 
study California in detail; anyone else studying other areas 
along the margins of tectonic plates may arrive at similar 
conclusions to our own. 

Geologists can now explain how strain accumulates in the 
faults, and why it is released in great surges like the San 
Francisco earthquake of 1906 and the Los Angeles earth¬ 
quake of 1857. They can even pin down the most dangerous 
regions of the fault-today, the prime area of risk is around 
Los Angeles, with San Francisco, the ‘City that Waits to Die’ 
as it has been called, only the secondary danger zone. All 
that remains is to predict when the next disaster will occux. 
Today, people are at last aware of the danger, and the most 
straightforward indicator, that great earthquakes occur in 
California every half-century, hints to everyone, not just geo¬ 
physicists, that the day of reckoning cannot be far away. 

Now we can predict this apocalyptic date to within a couple 
of years. A remarkable chain of evidence* much of it known 
for decades but never before linked together, points to 1982 
as the year in which the Los Angeles region of the San 
Andreas fault will be subjected to the most massive earth¬ 
quake known in the populated regions of the Earth in this 
century. At the end point of the chain, directly causing this 
disaster, is a rare alignment of the planets in the Solar 
System. By disturbing the equilibrium of the Sun, which in 
turn disturbs the whole Earth, the planets can trigger earth¬ 
quakes. The trail links astrology - for that is really what the 
study of planetary alignments is, even though we can explain 
their effects in sound scientific terms - astronomy, meteor¬ 
ology, geology, geophysics and other sciences. Small wonder 
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that pieces of this chain have lain about unrecognized for 
so long. But now they have been put together there is no 
question about the implication: in 1982 ‘when the Moon is in 
the Seventh House, and Jupiter aligns with Mars’ and with 
the other seven planets of the Solar System, Los Angeles will 
be destroyed. The astrological link with the dawning of the 
age of Aquarius may or may not be coincidence; that is out¬ 
side the scope of this book, which contains only solid scientific 
evidence and reasoning. 



Appendix A 
Recent Developments in 
Earthquake Prediction 


Geophysics is still a rapidly developing subject, and now that 
the basic concept of plate tectonics has become firmly estab¬ 
lished, increasing attention is being paid to using the new 
geophysical knowledge in practical ways. One of the most 
important lines of present geophysical research concerns 
earthquake prediction, and even while this book was being 
written important developments were made in that area. In 
particular, one aspect of research that gained widespread 
publicity in 1973 seems to offer a mechanism to account for 
another link in the chain we have forged tying earthquakes 
to planetary alignments - and makes practical use of the 
knowledge gained from the ‘lubrication’ experiments (see 
chapter 4). 

But although the story became widely known in 1973, it 
actually goes back for several years. Soviet scientists were, 
it seems, the first to discover a reliable premonitory indicator of 

one particular kind of earthquake. Experimenters in the Garm 

* 

area of the Soviet Union were monitoring regularly many 
possible geophysical indicators, such as electrical resistance 
of rocks and water levels in wells, in the hope that one or 
more of these factors might prove to vary in some clear way 
shortly before earthquakes. And they struck lucky. One 
property in particular, the velocity of sound waves through 
the rocks (the seismic velocity) does indeed change noticeably 
before an earthquake. 

The Soviet geophysicists found that several days before 
an earthquake the ratio of the velocities through the rock 
of two kinds of waves - shear waves and compressional 
waves - changes by as much as 20 per cent of its value. 
Immediately before the earthquake the velocity ratio returns 
to normal. This exciting news would probably have been 
quickly publicized in the West, since it offers the exciting 
prospect first of being able to say that an earthquake is due 
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fairly soon, then, when the velocity ratio returns to normal, 
of being able to say that the earthquake is imminent. But it 
was not until similar studies were carried out in upstate New 
York by a team from the Lamont-Doherty Observatory that 
this new tool for predicting earthquakes became generally 
known. 

The American work confirmed the Soviet studies, and pro¬ 
vided the publicity impetus needed for the further develop¬ 
ment of the prediction tool. For of course this first discovery 
was not a great deal of use in itself. Although it is easy 
enough to measure the velocity ratio which is the key to 
these predictions, that can only be done if some disturbance 
has produced shock waves to measure. That is why upstate 
New York is a handy place to study seismic velocities - the 
area is prone to repeated, very small earthquakes. But as we 
have seen in this book, areas where repeated small disturb¬ 
ances occur are those where strain cannot accumulate; the 
really dangerous areas are those like the locked portions of 
the San Andreas fault, where no small earthquakes are avail¬ 
able for constant monitoring of seismic velocities. 

How could this problem be resolved? Not by setting off 
explosive charges throughout regions suspected of being in 
a state of strain in order to measure the resulting shock 
waves, since quite apart from the inconvenience to inhabitants 
and the enormous cost, most scientists today are extremely 
cautious about tampering with forces as ill understood as 
those which produce earthquakes. It would hardly have gone 
down well with inhabitants of Los Angeles, say, if a moder¬ 
ate earthquake had occurred soon after geophysicists had 
fired a series of test explosions in deep boreholes. So the 
seismologists turned to another technique, and tried to mea¬ 
sure the seismic velocities in rocks near their monitoring 
stations by studying shock waves coming from moderately 
large earthquakes halfway around the world. The jackpot 
came as recently as 21 September 1973, with a report pub¬ 
lished in Nature describing the results of an analysis of 
Japanese records made ten years before. 

In the early 1960s the Japanese seismologists who made 
recordings of seismic velocities had no way of knowing how 
useful their work would prove. But it turns out that their 
records of shock waves from earthquakes nowhere near 
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Japan do provide a measure of the changing seismic velocities 
in the rocks near their monitoring station. And the critical 
velocity ratio changed before a major earthquake in just the 
same way that the velocities in Garm and New York had been 
seen to change before lesser earthquakes. 

With this new-found wealth of data, geophysicists have 
been able to make new strides in developing the velocity test 
as an earthquake predictor. It . turns out that the length of 
time for which the velocity ratio remains depressed below 
its usual value reveals the approximate size of the earthquake 
to come. Perhaps we are not too far from the day when 
routine monitoring stations will be able to tell us first that an 
earthquake is on the way, then, as the days, weeks or months 
go by and the velocity ratio remains low, roughly how big 
the earthquake will be if it comes next week, and finally, after 
the velocity ratio returns to normal, that the quake is indeed 
coming next week. 

How do the lubrication experiments tie in with this? It 
seems that the best explanation for the curious changes in 
seismic velocities is that as strain builds up in water-saturated 
rocks a point is reached where cracks open up in the rock 
faster than fluid can flow in to fill them. In rock not saturated 
with water the ratio of seismic velocities is lower than in 
saturated rock, as is shown by laboratory tests. Just before 
the earthquake no more cracks are being formed but water 
is flowing into the now unsaturated rock, increasing the pore 
pressure and the vital velocity ratio. Finally the earthquake 
occurs through a lubrication-aided process similar to those 
of the recent experimentally induced earthquakes. 

So a fairly short-term warning of earthquakes is now prac¬ 
ticable in regions where seismic velocities are monitored; 


commenting on this, and in particular the study of Japanese 


records, Dr David Davies, the editor of Nature and himself 


a seismologist, said in September 1973 that it shows ‘there 
are still good things in existing geophysical data for those 
who can look for them with a new eye’. Looking back on 
this book, in which all we have done is to gather in one 
volume data from scattered sources and look at them anew, 


we are tempted to say that Dr Davies’s comment applies not 
just to geophysics but to the whole of science. 
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Our Weather: a Link with the Planets? 


One of the most important links in the chain we have dis¬ 
covered tying planetary alignments to earthquake activity 
is formed by the influence of the Sun on the Earth*s atmo¬ 
sphere. In the latter part of 1973, there has been a resurgence 
of interest in the way solar activity affects weather and climate; 
it seems that in the months to come there is a very real 
prospect that this part of the chain will become even better 
understood, as a result of research going on around the 
world. The importance now attached to these studies was 
highlighted when NASA and the University Corporation for 
Atmospheric Research and the American Meteorological 
Society jointly sponsored a conference on ‘Possible Relation¬ 
ships between Solar Activity and Meteorological Phenomena’ 
in November , 1973. And the immediate relevance of this 
kind of work to the problems we have looked at in this book 
is shown in the following article by one of us (7. G.), reprinted 
from New Scientist, volume 60, p. 893 , December 27, 1973: 

The past year has seen an explosive growth of interest in 
climatic change. This work is timely in view of the famine 
belt now afflicting people along the southern edges of northern 
hemisphere deserts. Though it will be some years before 
climatic research produces useful results, a curious and near- 
astrological possibility has already emerged - namely that the 
planets, by influencing the Sun tidaliy, can affect the Earth’s 
weather. 

The events of recent months in the sub-Sahara region of 
Africa, in Ethiopia, and in India have highlighted the need 
for some form of- climatic prediction if human suffering on 
a disastrous scale is not to be caused by further unexpected 
failures of the rainfall on which crops depend. Over the years 
many people have investigated the question of predicting the 
way our climate might change, but until recently this kind of 
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work had a slight underground flavour. The publicity asso¬ 
ciated with recent droughts has brought the problem to the 
public mind. But climatic research was already making great 
strides towards professional respectability both because of 
the development of better systems for measuring what goes 
on in the atmosphere (from satellites, for example), and be¬ 
cause the computer facilities needed to produce useful models 
of atmospheric circulation are just becoming available. At 
the same time the collection of historical and other evidence 
into a coherent whole (notably by the Climatic Research Unit 
at East Anglia University) has provided a firm basis against 
which to assess theories of climatic change. 

PATTERNS OF CLIMATIC CHANGE 

The right theory, or theories, will not emerge overnight. It 
is already becoming clear, however, that some of the ideas 
which have been around, and largely ignored, in the past, 
have more than a grain of truth in them. At the same time, 
there are new theories which look very hopeful, and which 
make concrete predictions about the immediate climatic 
future, so that they can be tested simply by waiting for a 
couple of decades. Perhaps inevitably, the most exciting ideas 
are those which link meteorological changes to other pheno¬ 
mena affecting the whole Earth-system; one line of approach 
which looks particularly promising, and has been tackled 
intermittently at least since the 1950s, is the evidence of a 
link between the Earth’s magnetism and climate. This idea 
surfaced once again in 1973, when a team from the Lamont- 
Doherty Geological Observatory showed that magnetic and 
climatic changes have followed parallel courses during this 
century (. Nature , vol. 242, p. 34); decreasing magnetism, in 
general, relates to a warming climate (like that in the present 
day northern hemisphere) and vice versa. As the Lamont 
team said, ‘a close relationship links changes in the Earth’s 
magnetic field and climate’, and they went on to suggest that 
both effects may be the result of varying solar activity. 

That suggestion looks increasingly plausible as ideas about 
climatic change have developed in recent months. But before 
seeking the cause, perhaps it is appropriate to look a little 
more closely at the pattern of climatic change which is now 
affecting the world. Dr Derek Winstanley, a London meteor- 
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ologist, produced evidence in two papers in Nature (vol. 243, 
p. 464 and vol. 245, p. 190) of a pattern of climatic change 
taking place over the whole northern hemisphere. The key 
evidence he provided can be summed up in two graphs 
(figures 1 and 2). The first shows a decline in rainfall over 
recent years throughout the regions now affected by serious 
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Figure L The percentage change in normal seasonal rainfall, ex¬ 
pressed as five-year running means over recent years, for stations 
in northwest India and the Sudan (solid line); and for others in 
Mauritania, Mali and Niger (dotted line). Both show a decreasing 
trend from about 1956 onwards. 

drought; without more data, the graph cannot be extrapolated 
with confidence, and for all we know could now have bottomed 
out. Figure 2 shows the concomitant increase in rainfall 
further north, as the temperature rain belt has, apparently, 
shifted bodily southwards during these years. The clue to a 
cause of the change-or at least, another link in the causal 
chain-comes from the second line in figure 2. This reveals 
a very clear anti-correlation between the changes in winter/ 
spring rainfall and the mean altitude of the 500-millibar sur¬ 
face along 40°N. The decrease in altitude of this surface 
during the 1960s signifies ‘an increase in the southward extent 
of the troughs in the circumpolar westerlies’, says Winstanley. 
This pattern of change also explains the very high rainfalls 
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recorded over large areas of North Africa and the Middle 
East in the late 1960s. In crude terms, the whole pattern of 
climatic zones in the northern atmosphere is shifting south; 
the northern Sahara, for example, is becoming correspond¬ 
ingly less arid even as the desert advances in the south. Even 
further north the same overall pattern suggests that Britain 
is in for drier summers in the coming years. 



Figure 2. The percentage change in normal seasonal rainfall 
(dashed line) for stations in India, Iran, Iraq, Lebanon, Israel, 
Saudi Arabia, Libya, Morocco and Mauritania shows a pronounced 
anticorrelation with the mean altitude (solid line) of the 500-mbar 
surface along latitude 40°N, between longitudes 110°W and 
70°E. Data apply for the period October to May (Figures 1 and 2 
from D. Winstanley, Nature , vol. 245, p. 190.) 

LINKS WITH SOLAR ACTIVITY 

So the specific climatic changes now going on most obviously 
in the drought-hit areas of the northern hemisphere can be 
related to at least hemispheric, and probably global, changes 
in climate. What sort of influence, either apart from, or per¬ 
haps as well as, the Earth’s magnetic field, could affect the 
whole atmosphere in this way? The obvious candidate is the 
Sun. Solar heating, of course, provides the driving energy 
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for the whole atmospheric circulation system, and climat¬ 
ologists have suggested that relatively minor changes in the 
Sun’s output could be the cause of ice ages. But the changes 
going on now are on a smaller scale yet, in the Sun’s terms. 
Certainly the Sun’s slightest hiccup does affect the Earth’s 
atmosphere measurably. Dr Walter Orr Roberts of the Uni¬ 
versity Corporation for Atmospheric Research has spent a 
considerable time gathering evidence of a solar influence on 
weather. His work includes the discovery that shortly after 
the arrival of solar cosmic-ray bursts at the Earth (indicated 

9 

by spectacular auroral displays) low-pressure systems forming 
in the Gulf of Alaska are larger than average. Other direct 
evidence of the influence of solar cosmic rays on the Earth’s 
atmosphere appeared in the Journal of Geophysical Research 
(vol. 78, p. 6167) this autumn, when Dr R. Reiter of Garmisch- 
Partenkirchen, W. Germany, reported the results of moni¬ 
toring the content of the radionuclides beryllium-7 and phos¬ 
phorus-32 in the atmosphere at the top of the Zugspitze, three 
km. above sea level in the Bavarian Alps. Sharp increases in 
the levels of these nuclides indicate the injection of strato¬ 
spheric air down into the lower troposphere. Reiter has found 
that such increases can be closely correlated with the arrival 
of solar cosmic and X-rays (monitored by probes such as 
Explorer 35) at the top of the atmosphere. 

These observations, and those of Roberts, are particularly 
important because of the difficulties theoreticians have in 
producing plausible mechanisms coupling solar and meteor¬ 
ological activity. Dr A. J. Dessler, of Rice University, pointed 
out at a recent symposium at NASA’s Goddard Space Flight 
Center in Maryland, the sun produces 10 6 ergs/sq. cm./s., 
but the energy available to the atmosphere of the Earth from 
the solar wind and interplanetary magnetic field is less than 
one-millionth of that under normal conditions. Brute force 
is thus not enough to drive the observed meteorological 
response to solar flares, and some ‘trigger mechanism’ must 
be proposed. Trigger mechanisms are usually the theoretician’s 
last resort; while it is true that they definitely work some¬ 
times (in the way that a snowball released at the top of a 
mountain can cause an avalanche) they do need some avail¬ 
able energy source to tap. But with evidence of the kind 
found by Roberts in Alaska and Reiter in Bavaria, it cannot 
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be denied that the Sun does affect the weather; nor (since 
brute force won’t work) can it be denied that, unpalatable 
though it may be, a trigger mechanism of some kind must 
provide the necessary link. 

Those observations and arguments apply to specific events 
on the Sun-solar flares and the cosmic-ray bursts that they 
produce. Now another old idea which used to be frowned 
upon as rather cranky has re-emerged, looking much stronger 
than ever before. Dr J. W. King, of the Appleton Laboratory, 
has put together a lot of evidence which has been around for 
many years and suggests that variations and trends in the 
Earth’s climate over decades are associated with solar varia¬ 
tions over the 11-year sunspot cycle ( Nature , vol. 245, p. 443). 
Professor H. H. Lamb has summarized attempts to relate 
solar cycles to climatic change in his book Climate Present , 
Past and Future (Methuen, 1968) and as King is the first to 
point out, these ideas are not new, just little known. The 
evidence comes from many diverse and wondrous sources. 
They include conventional meteorological records; careful 
interpretation of the statistics in Wisden to find good summers 
during the nineteenth century; and (one not mentioned by 
King) astronomical folklore like the common story that more 
comets are observed at certain phases of the sunspot cycle. 
Assuming that comets are not attracted by sunspots, it is 
plausible to suggest that more are observed at sunspot maxi¬ 
mum because the weather is better then, and the skies are 
free from obscuring cloud. But King does more than suggest 
that climatic variations relate to solar changes over one solar 
cycle; as figure 3 shows, the average activity of the Sun over 
a whole cycle seems to be related to important, practical, 
meteorological effects on Earth. 

PREDICTING THE CHANGES 

These considerations augur very well for climate prediction 
- all we have to do apparently, is work out the future pattern 
of solar sunspot activity and voila! climate prediction be¬ 
comes a reality. Unfortunately, sunspots are among the most 
baffling phenomena within 100 million miles of Earth. It 
would take a very brave man to predict how the average 
‘strength’ of future sunspot cycles will compare to those of 
the past. Fortunately, there are such brave men around. Just 
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Figure 3. Changes in the length of the ‘growing season* (a) at 
Eskdalemuir correlate strikingly with the yearly sunspot number 
(b). (From J. W. Kmg, Nature , vol. 245, p. 443.) 
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over a year ago Professor K. D. Wood, of the University of 
Colorado, suggested a method of sunspot prediction based 
on the influence of the ‘tidal planets’ - Mercury, Venus, Earth 
and Jupiter-on the Sun ( Nature , vol. 240, p. 91). Only these 
four planets produce significant tides on the Sun’s surface, 
the first three because they are close to the Sun, and Jupiter 
because it is so big. 

The exact magnitude of the combined tide can be cal¬ 
culated for any time during which sunspots have been ob¬ 
served. Wood found that there is a close link between the 
time of greatest tide on the Sun and the time of sunspot 
maximum; there is also a less precise link between the height 
of the tide at maximum and the maximum number of sun¬ 
spots in the associated cycle. 

At first sight, this result looks decidedly odd. How can the 
small tidal effect of these planets influence the sunspot cycle 
(or perhaps even cause the sunspot cycle)? The best theories 
(not perfect, but the best we have) say that sunspots are very 
much a magnetic phenomenon, and how would the tides 
affect that? Another trigger mechanism? So, even though 
Wood’s data are very clear cut, and leave little or no room 
for other explanations, his idea has not received a lot of 
attention, although it enables him to predict the years of 
future sunspot maxima and (with slightly less confidence) 
their ‘strength’. 

Perhaps people have been ignoring the idea in the hope 
that it will go away; perhaps they are waiting for a couple 
of sunspot cycles to see if the predictions of November 1972 
work out. But now that King has firmly revived the idea of 
a link between solar activity and the weather, Wood’s idea 
assumes much more urgent significance. I believe that his 
predictions of sunspot activity become, in effect, predictions 
of meteorological activity on Earth ( Nature , vol. 246, p. 453). 
In astronomical terms, the planetary alignments (at least in 
the cases of Mercury, Venus and Jupiter relative to Earth) 
foretell changes in the weather. What sort of changes? 
According to Wood, the next two sunspot cycles will peak 
in 1982 and 1993, at levels slightly less than the cycle just 
completed (which peaked in 1969) and a lot less than the 
maxima of the cycles which reached peaks in 1958 and 1947. 
Very roughly indeed, this suggests a declining pattern rather 
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like a mirror image of the increasing peak activity shown in 
figure 3; in climatic terms, that is a return towards the con¬ 
ditions of the 1920s and 1930s. 

However, this interpretation is very simple-minded. It 
takes no account of other related and unrelated processes, 
and it should not be accepted too seriously. What should be 
taken seriously by meteorologists is the possibility of using 
Wood’s predictions of solar activity in conjunction with 
other methods being developed to predict future climatic 
trends. The ideas may not be quite rounded off, and they may 
still smack of underground associations with astrology; but 
if there is any chance that they may help to save lives they 
should not be ignored. 
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Afterword 


Since the original edition of this book appeared, the question 
we have been asked most often is, ‘What happened to the San 
Andreas fault 179 years before 1982, the last time the planets 
of the Solar System were all aligned on the same side of the 
Sun?’ This question was rather embarrassing, since we could 
only give vague answers. At the beginning of the nineteenth 
century California was only sparsely populated, and no de¬ 
tailed records of earthquakes were kept. In addition, we have 
no way of knowing for sure whether or not any part of the 
San Andreas was in a state of tension comparable to that it 
is in today (in the southern part, at least). And, as we have 
stressed throughout this book, our planetary/solar hypothesis 
can only provide a trigger , encouraging an incipient earth¬ 
quake to burst into activity. This relatively small effect will 
not, on its own, cause an earthquake anywhere; it merely 
encourages earthquakes that would happen in any case to 
concentrate in a span of a few years around the time of the 
alignment. 

The lack of any positive evidence of activity along the 
San Andreas at the beginning of the nineteenth century does 
not mean that our theory is necessarily wrong, although it 
would certainly give our ideas at least a small boost if any 
such evidence did turn up. So you cap imagine our reaction 
when one of us came across just such evidences on a visit 
to California in October, 1974. 

This visit (by JG) naturally involved a tour along part of 
the San Andreas fault, visiting sites of historic damage and 
regions of continual creep, including the small township of 
San Juan Bautista, which is just on the boundary of the 
active and quiescent parts of the fault near San Francisco. 
The area to the northwest of San Juan Bautista is both the 
southernmost locality where the ground was torn apart by 
the earthquake of 1906, and the northernmost region of con¬ 
tinual creep. Quite apart from this interest, however, the 
mission at San Juan Bautista (which was severely damaged 
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in 1906) is the oldest Californian mission to have been in 
continual use since it was founded; and the foundation took 
place in 1797. 

After visiting the clearly apparent line of the fault itself, 
a visit to the mission was definitely in order-and proved 
doubly rewarding. The leaflet describing points of interest 
from the mission’s history naturally includes mention of the 
1906 earthquake, which caused the collapse of the outer walls 
of the church. But it also mentions an earlier period of earth¬ 
quake activity: Tn 1800, between October 11th and October 
31st there were as many as 6 shocks per day.’ This earthquake 
is listed on p. 155 of the official ‘Earthquake History of the 
United States’, US Department of Commerce Publications 41-1, 
National Oceanic and Atmospheric Administration Environ¬ 
mental Data Service (1973). In addition to the earthquake 
at San Juan Bautista, the NOAA publication notes another 
major shock on November 22, 1800 in the San Diego area 
which damaged the walls of adobe buildings at barracks in 
San Diego and cracked walls of a new church under con¬ 
struction at San Juan Capistrano. At Santa Barbara in 1800 
a violent quake was felt. Thus we have a record of at least 
three intermediate-size earthquakes near the grand alignment 
of 1803. This is the only earthquake activity, apart from that 
of 1906, great enough to merit inclusion in the list of points 
of interest. 

Our interest in this activity of the year 1800 can be 
imagined. The date does not quite fit with the exact date 
of the last planetary alignment (1803), but, as we have 
already mentioned, it is not clear whether it is the exact 
alignment or some equally rare configuration of the planets 
in the years building up to the alignment that provides the 
trigger; and if a fault is ready to go, the steadily increasing 
level of activity caused by the alignment effect could set it 
off even before the maximum trigger effect was produced. 
Arguments about earthquakes in the nineteenth century do 
not have much weight if we wish to compare with sunspot 
activity in this century. The population sample is changing 
through the years as our gathering of earthquake records 
improves. An analogy would be drawing 10 red and black 
beads from a jar every year, while all the time adding more 
red beads to the jar. You cannot compare the first draw of 
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red and black beads to draws made later. 

Information about the activity of 1800 is very scarce, but 
it is clear from historical records that shocks occurred con¬ 
sistently for 20 days, often being sufficient to shake the 
mission and cause the church bells to ring. Cracks appeared 
in the ground close to the nearby Pajaro River (this helps to 
establish the intensity as reaching the range VII in the official 
NO A A compilation, see table 2 page 124, but that is about 
all we know for sure. 

This evidence, such as it is, does not, of course, have any 
conclusive bearing on our idea of the planets as triggers of 
devastating earthquakes. It proves neither that the theory is 
right or wrong. In this book, we have presented only the first 
outline of ideas, which need much more discussion and re- 
finement; perhaps this evidence, such as it is, indicates that 
our planetary trigger operates best a few years before the 
grand alignment, in which case the expected major earth¬ 
quake in southern California may occur even before the end 
of the present decade. Perhaps the occurrence of such note¬ 
worthy activity in 1800 was entirely coincidental. We shall 
never know for sure. But the events certainly provide food 
for thought and material for discussion; the next time any¬ 
one asks us that awkward question we shall be ready with 
the answer: That’s a good question. Have you-heard what 
happened to the mission at San Juan Bautista in October of 
the year 1800?* 
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